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ABSTRACT 


Methods  are  described  for  the  neasurenent  of  total  nomal 
omittance,  in  air,  for  temperatures  up  to  2500^;  for  normal 
spectral  reflectance,  in  air,  at  lorn  temperature;  for  wavelengths 
from  0.30  to  25  microns  and  in  air,  at  lOOQOF,  from  1  to  25  mic¬ 
rons.  Results  of  this  type  are  given  for  twenty  samples  of  dif¬ 
ferent  materials  and  the  measured  total  emlttances  are  generally 
within  5%  of  values  predicted  from  reflectance  measurements. 

Reflectances  were  also  measured  as  a  function  cf  as/jlo  for 
wavelengths  of  the  order  of  1  micron,  to  give  abscrptanues  as  a 
function  of  angle  of  incidence  that  are  useful  in  the  'Appraisal 
of  solar  Irradiation. 

A  spectral  emittance  unit  is  described  and  the  preliminary 
results  from  it  for  samples  at  idOO^’F  show  general  agreement  with 
the  measured  values  of  spectral  reflectance. 
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1.0  INTRODUCTION 


To  extend  the  wnount  of  available  information  on  the  thermal  ra¬ 
diation  properties  of  materials  used  in  space  applications,  such  pro¬ 
perties  have  been  determined  for  a  number  of  selected  materials. 

These  have  been  determined  in  air,  at  atmospheric  pressure,  at  room 
and  at  elevated  temperatures,  but  they  are  applicable  in  other  envi¬ 
ronments  provided  there  is  no  essential  change  in  the  surface  from 
that  which  was  tested. 

The  primary  results  are  total  normal  omittances  at  siu'face  tem¬ 
peratures  from  S00<>F  to  RSOO^F  and  spectral  reflectances  of  cold 
samples  for  wavelengths  from  0.30  to  25  microns,  and  with  sample  tem¬ 
peratures  up  to  llOO^F  for  wavelengths  from  1  to  25  microns.  Tue 
spectral  results  permit  a  calculation  of  total  normal  omittances,  and 
comparison  with  the  measured  total  normal  emittances  indicates  that 
this  property  should  be  predictable  within  5%  in  the  temperature  range 
from  500  to  3000^  from  the  spectral  reflectance  values. 

Additional  results  are  presented  for  the  dependence  of  the  re¬ 
flectance  on  the  angle  of  incidence,  at  wavelengths  of  the  order  of  1 
micron,  a  characteristic  that  is  particularly  important  in  respect  to 
the  absorption  of  solar  radiation.  Some  spectral  emittance  results 
are  also  presented  in  the  wavelength  range  from  1  to  15  microns,  but 
the  scope  of  these  results  is  limited  because  satisfactory  operation 
of  the  device  for  these  determinations  was  substantially  delayed.  The 
results  that  are  presented  support  the  measured  values  of  the  spectral 
reflectance. 

Because  of  the  variety  of  definitions  that  are  involved  with 
respect  to  the  reflectance  and  emittance,  these  are  first  presented; 
the  section  on  definitions  is  followed  by  others  devoted  to  the  de¬ 
scription  of  the  systems  used  for  the  realization  of  the  results.  A 
table  in  Section  7  defines  the  kind  of  results  that  were  obtained  for 
each  of  the  samples  and  this  table  indicates  the  location,  in  Section 
13,  of  the  detailed  results  for  each.  Sections  8  to  12  are  commen¬ 
taries  on  various  features  of  the  results;  Section  11  refers  specifi¬ 
cally  to  the  plastic  samples,  for  which  only  limited  results  were  ob¬ 
tained.  These  materials  are  of  high  thermal  resistance,  making  the 
precise  determination  of  surface  temperature  impossible  in  those  in¬ 
stances  of  measurement  when  a  high  beat  flux  existed  through  the  sam¬ 
ple.  This  proved  to  be  a  major  Impediment  in  determining  satisfactory 
results  for  plastics. 


Manuscript  released  for  publication  3  October  1960  as  a  WADD 
Technical  Report. 
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2.0  DEFINITIONS  AND  ANALYSES 


Despite  the  relative  standardization  of  the  definitions  of  re¬ 
flectance  and  emittance,  enough  ambiguity  remains  to  make  it  conven¬ 
ient  to  restate  those  definitions.  They  are  given  in  as  general  a 
way  as  possible,  beginning  with  the  reflectance  in  a  prescribed  dir¬ 
ection  for  irradiation  at  a  specified  angle  of  incidence,  though  this 
reflectance  was  not  measured  in  the  experimental  work  described  in 
the  report.  All  relations  here  and  in  the  remainder  of  the  report 
are  for  monochromatic  radiation  unless  they  are  specifically  qualified 
as  being  for  total  radiation. 

2. 1  Ref lectarce 

We  consider  the  irradiation  of  a  matei lal  of  area  A,  by  a  black 
surface  of  area  A  >  which  is  normal  to  the  length  r  connecting  the 
areas,  and  which  length  is  at  an  angle  ^  with  respect  to  the  normal 
to  area  A,  .  For  A  and  A,  both  small,  the  irradiation  is 


r* 


and  per  unit  area  of  A,  and  per 
unit  solid  angle  ^A/r*  it  is-^cujji. 


This  irradiation  is  in  part  re¬ 
flected,  and  in  general  the  reflec¬ 
tion  is  distributed  in  an  arbitrary 
way  over  the  entire  hemisphere  above 
the  surface.  In  the  direction /J,^ 
[the  azimuthal  angle  ^  is  measured 
from  the  plane  of  the  incident  ra¬ 
diation],  the  intensity  of  the  re¬ 
flection  is  »  *ind  a  reflec¬ 

tion  coefficient 'can  be  defined  as 


^  CCS  / 


2.1.1 


Figure  1. 

This  is  similar  to  the  coefficient  defined  by  Munchf^i’ho,  however, 
multiplied  by  2'rr  the  right  side  of  Equation  2.1.1. 
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The  total  reflected  radiation  is  obtained  by  Integrating  the  in¬ 
tensity  of  the  reflection  over  the  211  steradlans  of  solid  angle  over 
surface  A, 


This  is  the  reflection  that  is  measured  by  an  integrating  sphere  when 
the  sample  is  irradiated  in  a  prescribed  direction,  ■  and  it  is 
convenient  to  define  a  reflection  coefficient  as: 


B±. 


2.1.3 


This  is  the  limit  to  which  the  definitions  may  be  carried  with¬ 
out  some  specification  of  the  nature  of  the  reflection.  In  this  sense 
it  is  important  to  consider  it  in  terms  of  two  common  definitions,  of 
specular  and  diffuse  reflection.  In  specular  reflection  the  intensity 
is  zero  everywhere  except  at^s  ^  ,  so  that  is 

the'^aSie  as  i  there  is  then  no  distinction  between  tft  and 

.  According  to  electromagnetic  theory  all  smooth  surfaces 
ax*e  specular  reflectors. 


Diffuse  reflection,  also  specified  as  reflection  from  a  "matt 
surface",  postulates  that  the  intensity  of  the  reflection  follows 
Lambert's  Law,  ^  cosytf  •  Equation  2.1.1  be¬ 

comes 


TT 


2. 1.4 


The  results  of  Eckert^^^  and  of  Munch^^^  indicate  that  this  is  a  poor 
approximation  to  most  surfaces  of  engineering  Interest. 

Because  there  are  a  number  of  -technical  applications,  particu¬ 
larly  in  reflectance  measurements,  in  which  the  sample  is  Irradiated 
diffusely  and  the  reflection  measured  only  in  the  direction  ^  , 

the  equations  are  presented  for  this  special  case.  The  reflected  in- 
tensl-ty  that  is  observed  is 

,2ir 

C05  ^  dTL  2.1.5 


But  because  of  the  uniformity  of  the  irradiation  with  respect  to 
azimuthal  angle  ^  -the  intensity  is  the  same  for  all  azimuthal 
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angles,  as  is  evident  by  expansion  of  Equation  2.1.5  to  the  form 

^  ^  ]  j  ^  Sincpd-t  ci<t> 

'o  •'o 

A  more  compact  form  is  possible  by  defining  a  reflectance 


r 

Tixji  ~  j 


A  reflectance  is  often  defined  for  this  kind  of  measurement 


as  the  ratio  of  the  intensity 
the  direction 


to  that  of  the  irradiation  in 


I  CM/, 


j  Vik4  cos  4>  s'ln  4>  <^4> 


For  a  specular  reflector,  of  course,  r;^  «  diffuse 

reflector  =  ?-rca^ps^  ,  The  latter  case  produces  no  essential 
simplification  of  Equation  2.1.6  unles  happens  to  be  constant, 
in  which  case  integration  Is  possible,  to  yield  ,  also  a 

constant. 

2.2  Absorption  and  Emmlsslon 

For  an  opaque  material,  the  radiation  that  is  not  reflected  is 
absorbed,  so  that  (/-lit)  is  the  fraction  of  the  irradiation  incident 
at  angle  that  is  absorbed.  When  the  irradiation  is  received  from 
a  diffuse  black  body  the  hemispherical  absorptivity  is 


oL  -  ■—  ( (l~rf,)C05<^  dSl 

Jo 


2.2.1 


Wh:^:i  the  sample  is  at  the  temperature  of  the  source  of  the  irradia- 
t^>:«n  then  total  absorbed  energy  must  be  emitted  as  e  £V  .  A  state¬ 
ment  of  Klrchhoff's  Law  for  the  total  radiation  is 


-J-  "" 


2.2.2 
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And  on  a  monochromatic  basis  this  is 


JcxEofA  "  j  6  EdA 

Since  <x  and  £  depend  on  A  ,  and  E  depends  on  A  and  T  ,  the 
applicability  of  Kirchhoff ’s  Law  requires  that  <x  =  €•  . 

As  in  the  case  of  the  reflectance,  an  emittance  can  be  defined  as 
the  ratio  of  the  intensity  of  the  emission  to  that  of  a  black  body  at 
the  same  temperature  in  the  same  direction 


I  /•  f 

Fj  ^/^C05/ydl2  2.2.3 

where  symmetry  about  the  normal  has  been  assumed. 

In  terms  of  this  definition,  and  the  reflectance  r)i  for  diffuse 
Irradiation,  the  intensity  of  the  radiosity  of  the  surface  at  any  point 
can  be  stated  as 


Then,  if  the  radiosity  is  always  to  be  equal  to  that  of  a  black  body, 
we  must  have 


~  i  2.2.4 


The  reflectance  ^  is  the  one  that  can  be  measuied  with  diffuse 
irradiation,  as  it  is  defined  by  Equation  2.1.6.  The  other  reflect¬ 
ances  defined  in  Section  2.1,  however,  can  be  related  to  f//  and 
hence  to  £>/  only  within  the  restriction  of  additional  assumptions. 
With  specular  reflectors,  so  that  the  emittance  ^ 

is  determined  by  with  angle  ^  equal  to  angle  /J  .  If  the  sur¬ 
face  is  a  diffuse  reflector,  and  if  is  independent  of  angle,  then 
s  ,  constant  and  then  £/<  is  also  constant.  Lambert's  Law  is 
thus  obtained  for  the  angular  distribution  of  emission. 
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3.0  SPECTRAL  REFLECTANCE  DETERMINATIONS 

Spectral  reflectances  are  of  value  for  the  deduction  of  the  ab- 
sorptance  and  of  the  emittance,  and  the  usefulness  of  a  particular 
technique  hinges  largely  upon  the  degree  to  which  the  reflectance 
measurements  that  are  obtained  can  be  used  to  deduce  these  desired 
values.  In  the  present  work  two  methods  were  used,  a  heated  cavity 
system  providing  hemispherical  irradiation  which  was  approximately 
diffuse,  and  integrating  spheres  in  which  was  measured  the  total  re¬ 
flection  from  an  incident  beam  of  monochromatic  energy.  In  one  of 
these  spheres  there  was  provision  for  variation  of  the  angle  of  inci¬ 
dence.  As  indicated  in  the  definitions  of  the  previou-!:  section,  it  is 
from  the  heated  cavity  system  that  an  omittance  may  bo  most  directly 
deduced,  bur  rhe  heating  requirements  are  such  that  the  minimum  useiul 
wavelength  for  that  system  is  of  the  order  of  1  micron,  so  ‘.Uat  the 
sphere,  with  a  more  uncertain  indication,  is  needed  to  extend  the 
range  to  shorter  wavelengths.  Since  the  cavity  system  was  used  from 
1  to  25  microns,  and  reflectances  were  measured  with  a  sphere  in  the 
range  from  0.3  to  2.7  microns,  there  is  a  substantial  overlap  in  the 
two  kinds  of  results  that  should  assist  in  their  discrimination.  But 
these  two  kinds  of  reflectance  are  random  enough  in  the  various  samples 
so  that  there  is  produced  no  experimental  appraisal  of  their  simi¬ 
larity  or  difference. 

3 . 1  The  Heated  Cavity  System 

This  system  has  as  its  essential  element  a  heated  cavity  which  is 
nearly  isothermal.  The  method  which  permits  the  determination  of  re¬ 
flectivity  in  the  region  1.0  to  25  microns,  was  developed  by  Gier  and 
Dunkle  and  has  been  described  by  Gier(^\  Thermal  energy  from  the 
cavity  walls  irradiates  a  7/8*'  disk 
held  in  a  water  or  air  cooled  sample 
holder  at  the  inner  surface  of  the 
cavity.  The  external  optics  are  so 
arranged  that  a  3/8"  diameter  center 
section  of  the  sample  is  viewed  at 
7°  to  its  normal.  This  energy  is 
chopped  and  focused  on  the  inlet 
slits  of  the  Perkin-Elmer  Model  83 
monochromator,  detected  therein  with 
a  vacuum  thermocouple,  with  the 
thermocouple  output  amplified  by  a 
Perkin-Elmer  Model  107  amplifier  and 
displayed  on  a  Brown  potentiometer 
indicator.  By  physically  tilting 
the  cavity  the  image  of  a  similar 
area  in  the  reference  region  can  be 
placed  on  the  monochromator  inlet 
slits. 

Figure  2. -Tilting  Cavity  System 
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When  the  sight  is  on  the  sample,  the  intensity  observed  is,  pei* 
unit  area  of  sample 


Here  0^  is  the  presumed  diffuse  irradiation  of  the  sample,  which  is 
realized  except  for  non-uniformity  of  the  radiosity  of  the  cavity 
walls  and  the  area  of  the  observation  port  at  the  bottom  of  the  cavity. 
The  maximum  observed  temperature  difference  in  the  cavity,  occurring 
during  the  use  of  the  water  cooled  sample  holder,  was  15®?  between  the 
relatively  uniform  temperature  of  the  sides  and  bottom  oi  the  crvity, 
hereafter  assumed  to  be  uniform  at  Th  t  the  lower  temperature  Tr. 
of  the  reference  area.  The  area  of  the  cavity  opening  produced  an 
angle  factor  of  0.02  at  the  sample,  resulting  in  a  slightly  high  esti¬ 
mated  value  for  Gw  •  This  error  does  not  exist  for  a  purely  specular 
sample  since  all  of  the  viewed  energy  for  this  case  originates  from  a 
small  area  at  the  bottom  of  the  cavity. 

When  the  sight  Is  on  the  reference  the  intensity  observed  is 

=  6/j  En  .  This  area  is  heavily  oxidized  nickel,  giving  a  high 
value  for  Ep  ,  thus  the  results  are  ultimately  appraised  as  though 
£/.=/  r'ju-O  ,  though  actually  when  Tm  ^  TV  the  radiosity  of  this  sur¬ 
face  is  a  little  higher  than  the  estimate  that  is  used. 

The  detector  output  is  a  linear  function  of  the  observed  inten¬ 
sity,  and  the  system  constants,  including  amplifier  gain,  path  attenua¬ 
tion,  etc.,  are  combined  into  a  constant  K  •  The  detector  output  when 
viewing  the  reference  is  then: 


“*  Ec)  3.1.1 

(Hero  the  subscript  yU  ,  indicating  the  nature  of  £  and  r  is  de¬ 
leted  and  the  distinguishing  subscripts  on  G  ,  r*  ,  etc.  refer  to  the 
reference,  cavity,  and  sample.  Subscript  C  refers  to  the  chopper 
blade  which  is  viewed  by  the  monochromator  when  it  obscures  the  cavity 
during  the  chopping  process.)  When  viewing  the  sample  the  output  is 


•  • 
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MICRONS 


Figure  3.  -  Wavelength  dependence  of  functions 
used  in  conputing  reflectance  results. 
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where  l-r»  =  €<;  has  been  taken  in  accordance  with  Equations  2.2.4 
and  2.1.6.  Combination  of  Equations  3.1.1  and  3.1.2  eliminates  the 
constant  K  of  the  response  of  the  over-all  system  and  the  resulting 
ratio  is  considered  in  terms  of  further  assumptions  necessary 

to  the  evaluation  of  the  reflectance.  These  involve  the  assumption 
that  the  emittance  of  the  reference  area  is  unity,  so  that  its  radio- 
sity  is  Ha  ,  and  that  the  emittance  of  the  rest  of  the  cavity  is  also 
unity,  making  its  radiosity,  and  consequently  the  irradiation  of  the 
sample,  equal  to  Eu  •  With  these  assumptions  the  response  ratio  be¬ 
comes  : 


Sa  3.1.3 

Sr  Ea-Ec 


With  the  water  cooled  sample  holder,  the  emission  from  the  sample 
is  much  less  than  its  irradiation  from  the  cavity,  E5«Eh<  Though  the 
sample  temperature  is  not  measured  in  cold  runs,  it  is  easily  shown  to 
be  of  the  order  of  that  of  the  surroundings,  so  that  Be  •  Then 

Equation  3.1.3  becomes: 


Actually  the  reflectance  Tt  is  evaluated  as  ,  which  assumes 
Eh*Er  ,  and  then  the  contribution  of  the  factor  *VE*4-Ec)/f£.-Ee) 
is  considered  in  an  error  analysis.  Figure  3  indicates  the  magnitude 
of  the  ratio  C&h'EcV^r>Ec)  ^or  conditions  more  severe  than 

typical,  with  the  cavity  at  IdSO^F  and  the  reference  area  at  1420*^. 

The  error  is  seen  to  be  significant  at  short  wavelengths.  When  it  ex¬ 
ceeded  2%  the  results  were  evaluated  according  to  Equation  3.1.4. 

To  obtain  results  at  elevated  sample  temperatures  the  water  cooled 
sample  holder  was  replaced  by  the  air  cooled  sample  holder,  the  essen¬ 
tial  aspects  of  which  are  shown  in  Figure  4.  By  restriction  of  the  air 
supply,  high  sample  temperatures  could  be  obtained:  the  determination 
of  the  sample  temperature  became  necessary  for  evaluation  of  the  experi¬ 
mental  results. 


These  temperatures  were  obtained  by  means  of  a  thermocouple  which 
was  welded  to  the  back  of  the  sample  disk,  with  the  wires  removed  from 
the  holder  through  tube  fittings  provided  for  them.  The  sample  emit- 
tnnee  was  evaluated  from  the  observed  temperature  Ts  with  Equation 
3.1.3  then  giving  the  reflectance  of  the  sample  as 
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AlR-niiT 


The  calculation  ot  the  quan¬ 
tities  jd  and  is  aided  by  a  Figure  4. -Air  Cooled  Sample  Holder 

tabulation  of  ^^T^as  a  function  of 

f  where  tables  may  be  compiled  in  the  form  of  a  tunction 


C(at)  = 


E 

<ST^ 


Using  Planck's  equation 
required  values,  then 


E  = 


<!> 


for  tabulation  of  the 


Less  apparent  than  the  labor  of  calculating  the  results  but  more 
Important  for  their  appraisal  is  the  loss  of  sensitivity  of  the  de¬ 
tector  to  the  reflected  energy  as  the  sample  temperature  becomes  high. 
The  major  part  of  the  detector  output  is  then  due  to  emission  from  the 
sample.  Therefore  errors  in  the  measurement  of  the  sample  temperature 
and  of  the  difference  between  7s  Tc  become  of  greater  signifi¬ 
cance  as  the  temperature  of  the  sample  increases.  Figure  5  presents 
the  error  A  f  for  typical  operating  conditions,  with  a  sample  tempera¬ 
ture  of  1000®F,  and  stows  the  effect  of  a  20OF  error  in  the  sample  tem¬ 
perature  . 

For  the  same  coi*dltions.  Figure  6  presents  the  effect  of  differ¬ 
ences  between  and  ,  with  a  lO^F  difference  being  the  basis  of 
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the  presentation.  This  Indicates  the  error  due  to  the  assumption  of 
/S'  !  in  the  calculations,  though  actually  the  temperature  difference 
was  usually  less  than  10*^F  and  the  reduced  error  can  be  obtained  pro¬ 
portionately  from  Figure  6.  In  any  case  the  calculation  of  the  re¬ 
flectance  from  Equation  3.1.4  is  used  only  where  Figures  5  and  6  in¬ 
dicate  that  a  specific  error  computation  is  necessary  to  obtain  satis¬ 
factory  results. 

3. 2  Beckman  Spectroreflectometer 


For  short  wavelengths,  from  0.3  to  2.7  microns,  reflectance  data 
vere  obtained  from  a  standard  Beckman  0K2  spectrometer  with  a  spectro- 
reflectance  attachment.  This  Is  a  comparison  type  integrating  cohere 
device  in  which.  In  normal  observation,  the  sar.ple  and  reference  are 
irradiated  with  a  beam  of  monochromatic  energy  at  an  angle  of  4^  to  the 
normal.  The  instrument  is  ratio-recording  so  that  the  output  record  is 
the  ratio  of  the  reflectance  of  the  sample  to  that  of  a  smoked  magne¬ 
sium  oxide  reference  surface,  the  measured  reflectance  being  as 
defined  by  Equation  2.1.3  Reversed  operation  is  possible,  with  total 
irradiation  from  a  luminous  source  being  directed  into  the  sphere  at 
the  normal  detector  location  and  the  detector  located  in  the  normal 
lamp  position.  The  Irradiation  is  then  approximately  diffuse,  but  this 
is  rendered  uncertain  by  the  high  energy  requirements  in  this  mode  of 
operation.  In  practice,  a  photoflood  lamp  was  used  at  the  detector 
port,  and  at  least  that  region  bad  a  radlosity  in  excess  of  the  re¬ 
mainder  of  the  sphere.  With  this  operation  the  reflectance  that  is 
measured  approximates  1^  ,  Equation  2.1.6,  with  the  instrument  actu¬ 

ally  indicating  the  ratio  of  the  standard  and  sample  reflectances.  The 
detection  is  monochromatic,  as  the  reflected  energy  passes  through  the 
spectrometer  toward  the  detector. 

Figure  7  shows  two  reflectance  ratios  for  a  sample  judged  to  be 
reasonably  diffuse,  for  both  modes  of  operation.  There  is  little  dif¬ 
ference,  and  such  behavior  was  typical  for  most  samples.  This  is  sur¬ 
prising  since  in  theory  T#  and  4‘  would  be  equal  only  if 

the  reflection  were  specular  or  if  it  were  diffuse  with  a  reflectance 

independent  of  angle  of  incidence. 

Reflectance  ratios  were  translated  to  reflectances  by  adopting  a 
standard  for  the  reflectance  of  the  NgO  reference,  which  was  smoked  to 
a  thickness  of  1/8  inch.  Figure  8  shows  some  of  the  available  data  for 
the  reflectance  of  MgO,  with  an  indication  of  the  reflectance  adopted 
for  the  interpretation  of  the  results  in  this  report. 

Because  the  response  of  the  sphere  is  sensitive  to  the  geometrical 
nature  of  the  reflection  [i.e.,  to  ]>  additional  partial  cor¬ 

rections  are  necessary  when  the  geomerrlcal  distribution  of  this  re¬ 
flectance  differs  in  the  reference  and  in  the  sample.  Neglecting  the 
holes  in  the  sphere  and  the  absorption  by  the  detector,  the  response  of 
the  detector  to  irradiation  by  flux  W  of  the  presumably  diffuse  refer¬ 
ence  is 
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Figure  8.  -  Homal  spectral  reflectance  of  MgO,  Curve 
National  Bureau  of  Standards:  Curve  B,  heated  cavity 
reflectroaeter. 


3.2.1 


Wr,  [ttk] 


where  ri  is  the  reflectance  of  the 
reference  and  ir;  Is  the  reflectance 
of  the  presumably  diffuse  MgO  on  the 
sphere  wall.  This  was  approximately 
1/16  inch  thick,  deposited  electro¬ 
statically  by  the  method  of  Waldron 
and  Tellox(^5.  Here  the  faetor[7::^] 
will  be  altero  '  if  the  openings  in 
the  sphere  are  accounted  for  [see 
Jacques'^' ]  and  the  equivalent  factor 
can  be  evaluated  on  the  assumption  of 
diffuse  reflection  in  all  reflections. 

When  so  determined,  this  factor  is 
often  called  the  sphere  efficacy.  For 
a  diffuse  sample,  the  irradiation  of 
the  detector,  appraised  as  above, 
will  be  proportional  to 

WK[ry 

and  then  the  ratio  of  the  detector  readings  will  be  . 

If,  however,  the  sample  is  not  a  diffuse  reflector,  the  response 
is  altered  in  a  way  that  is  in  part  clarified  by  the  limiting  esse  of 
a  specular  reflector.  Then  none  of  the  first  reflection  falls  on  the 
detector  but  all  is  Incident  on  the  sphere  wall  (actually  in  the  region 
between  the  two  inlet  ports).  There  it  is  diffusely  reflected  and  from 
there  on  the  actlcn  of  the  sphere  is  as  though  this  energy  had  been  dif¬ 
fusely  reflected  originally.  In  this  case  the  detector  irradiation  is 
proportional  to 


Wi;r,  LTnrj  3.2.3 


end  the  recorded  ratio  is  /n  .  This  is  not  exactly  true  because  the 
energy  loss  through  the  apertures  occurs  on  the  first  and  later  reflec¬ 
tions  from  the  reference,  but  only  on  the  second  wall  reflection  of  the 
energy  initially  reflected  from  the  sample.  The  difference  is  small 
however,  and  the  sphei'e  efficacy  has  been  assumed  to  be  the  same  in 
both  cases. 


Figure  9. -Beckman  DK2  Sphere 
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Shields  coated  with  MgO  were  used  at  the  detector  location  in  an 
attempt  to  eliminate  the  first  reflection  from  the  reference  and  thus, 
while  reducing  the  over-all  sphere  efficacy,  to  produce  a  proportional 
response  for  both  the  sample  and  reference.  While  the  use  of  these 
shields  tended  to  increase  the  measured  reflectance  of  highly  specular 
samples  the  results  were  still  less  than  known  values. 

Suppose  now  that  the  sample  is  neither  specular  nor  diffuse  but 
that  the  reflected  energy  is  wholly  in  the  region  0  to  30*^.  Then  none 
of  the  first  reflection  impinges  on  the  detector  and  the  response  would 
tend  to  be  like  that  for  a  specular  sample,  except  that  tb--  inlet  ports 
occupy  4%  of  the  sphere  area  within  the  0  to  30®  limit.  Thus  a  sub¬ 
stantial  fraction  of  the  reflection  will  be  lost  entirely  and  what  re¬ 
mains  will  produce  a  detector  response  like  that  indicated  for  ~  specu¬ 
lar  sample.  Unfortunately,  not  enough  is  known  about  the  nature  of  the 
reflectance  to  permit  an  appraisal  of  this  possible  effect.  It 

is  clear,  howeveV,  that  with  a  truly  diffuse  reflector  used  as  a  ref¬ 
erence,  (and  the  MgO  is  presumably  diffuse,  though  there  is  remarkably 
little  evidence  available  for  this)  the  response  ratio  will  always  be 
less  than  the  reflectance  of  the  sample. 

Other  sources  of  error  are  also  possible  in  the  operation  of  the 
sphere  when  a  sample  has  a  surface  which  is  grooved  in  a  given  direc¬ 
tion.  It  is  possible  to  orient  such  a  sample  with  respect  to  the  de¬ 
tector  such  that  a  strong  or  weak  first  reflection  strikes  the  detector. 
This  effect  was  particularly  noted  when  plastic  laminated  samples  were 
run,  since  the  fibers  in  these  samples  tended  to  have  a  preferred  spec¬ 
ular  direction. 

Another  source  of  error  arises  in  the  operating  technique  used 
with  the  DK2  spectrometer.  In  setting  a  zero  energy  level  by  use  of  a 
shutter  on  the  sample  beam,  care  must  be  used  to  be  sure  that  the  shut¬ 
ter  completely  blocks  the  incident  beam.  Stops  were  used  by  the  manu¬ 
facturer  to  provide  a  fixed  position  of  the  shutter  when  zeroing,  how¬ 
ever,  the  stops  were  slightly  out  of  position  allowing  approximately  3% 
of  the  energy  to  enter  the  sphere.  This  can  result  in  the  use  of  an 
erroneous  scale  expansion  for  the  following  run,  and  operating  proce¬ 
dures  were  initiated  to  avoid  this  source  of  error. 

The  proper  ratio  amplification  of  the  detector  output  depends 
considerably  upon  the  correct  phasing  of  mechanical  breaker  points 
which  limit  the  duration  of  the  signal  received  from  the  reference  and 
sample  excitation  of  the  detector  at  the  amplifier.  The  breaker  points 
in  question  are  subject  to  vibration  and  wear,  and  as  a  result  their 
phasing  must  be  subjected  to  frequent  verification. 

There  must  be  additional  effects  that  contribute  to  the  uncer¬ 
tainty  of  the  reflectance  indicated  by  the  Beckman  system,  and  Figure 
10  demonstrates  the  combination  of  such  effects  and  similar  ones  that 
may  exist  in  the  sphere  described  in  Section  3.3.  Reflectance  values 
on  typical  materials  are  presented  as  obtained  from  the  Beckman  unit 
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and  3?rom  the  sphere  described  in  Section  3.3,  both  of  which  measured 
rj  ,  with  close  to  zero,  and  from  the  heated  cavity,  which  meas¬ 
ured  ^  ,  with  /J  close  to  zero. 

The  polished  copper  is  a  specular  reflector,  and  the  results  ob¬ 
tained  from  the  variable  angle  sphere,  that  is  described  in  Section 
3.3,  are  in  good  agreement  with  values  found  by  Betz^S)^  though  this 
agreement  is  not  shown  on  the  Figure.  The  values  obtained  from  the 
Beckman  unit  have  been  adjusted  for  the  reflectance  of  the  sphere  wall. 
The  wall  reflectance  was  determined  from  an  aluminum  disk  which  was 
coated  with  magnesium  oxide  to  about  the  same  thickness  as  the  Beck¬ 
man  sphere  wall.  These  reflectances,  deduced  in  this  v.'ay  from  the  in¬ 
dication  of  the  Beckman  ref lectometer,  are  lower  than  those  found  from 
the  variable  --.agle  sphere.  The  results  from  the  cavity  exceed  slightly 
those  from  the  sphere. 

Lower  reflectances  are  again  indicated  for  the  Beckman  unit  tor  the 
stainless  steel,  for  which  the  Beckman  results  were  also  treated  as 
though  the  sample  were  specular.  Closer  correspondence  is  obtained  for 
the  plastic  F120,  but  with  the  boron  carbide,  treated  as  diffuse,  the 
results  for  the  Beckman  unit  are  again  below  those  of  the  sphere.  Witn 
this  poor  and  relatively  diffuse  reflector,  there  is  no  clue  to  the 
large  ratio  of  the  reflectances  Indicated  from  the  two  units. 

The  conclusion  that  may  be  drawn  from  the  presentation  of  Figure  10 
is  one  of  an  uncertainty  in  the  measured  reflectance  which  is  of  the 
order  of  0.05  in  the  reflectance,  with  the  DK2  results  tending  to  be 
lower  than  the  others.  This  must  be  borne  in  mind  in  considering  the 
results  where  the  DK2  values  are  given,  that  device  being  used  because 
of  its  speed  in  accommodating  the  large  number  of  samples  involved. 

3.3  Integrating  Sphere  for  Variable  Incidence 


Reflectances  t#  ,  at  variable  angle  of  incidence  ^  ,  were  ob¬ 

tained  from  a  separate  sphere  which  received  spectral  energy  from  the 
Perkin  Elmer  monochromator.  Detection  was  by  lead  sulfide  and  pho¬ 
tomultiplier  detectors,  and  the  detector  output  was  sensed  by  the  Perkin 
Elmer  107  amplifierj,  as  used  in  the  heated  cavity  system.  Variable 
incidence  was  achieved  by  mounting  the  sample  and  the  reference  on  a 
rotatable  holder  at  the  center  of  the  sphere  as  indicated  in  Figure  11, 
so  that  various  angles  of  incidence  could  be  obtained.  When  either 
sample  or  reference  was  exposed,  the  other  was  contained  within  a  hous¬ 
ing,  so  that  the  sphere  operated  as  a  substitution  sphere.  The  pres¬ 
ence  of  the  sample  holder  complicates  the  algebraic  appraisal  of  the 
sphere  operation,  but  since  the  holder  was  coated  with  KgO  a  qualita¬ 
tive  consideration  Indicates  that  the  sphere  efficacy  should  not  be 
much  different  than  it  would  be  for  the  same  sphere  without  the  holder. 

In  this  sphere,  with  energy  rate  W  of  the  sample  or  of  the  ref¬ 
erence,  with  the  geometric  nature  of  the  reflection  from  each  being  the 
same,  the  irradiation  of  the  detector  is  proportional  to 
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Figure  10.  -  Reflectance  deterained  by  different 
systens.  Curve  A,  Integrating  sphere;  Curve  B, 
Beckman  DK2;  Curve  C,  tilting  cavity;  Curve  B, 
reference  No.  5. 


WADD  TR  60-370 


19 


0  ENTRY  PORT 
b  SAMPLE 
C  HOLDER 
d  DETECTOR 
e  ANGLE  SELECTOR 
f  SAMPLE  REFERENCE 
ROTATOR 

CENTRAL  SAMPLE  HOLDER 


a  SAMPLE 
b  MgO  REFERENCE 
C  ROTATING  MOUNT 


I 


Figure  11.  -  Variable  Angle  Integrating  sphere 
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3.3.1 


Wr*t:  \t^] 


where  Tc  is  the  reflectance  of  the  presumably  diffuse  sphere  wall  and 

the  reflectance  of  the  sample.  The  ratio  of  the  detector  output 
for  sample  and  reference  is  consequently  the  ratio  of  the  reflectances, 
except  for  a  small  change  in  sphere  efficacy  when  the  sample  and  ref¬ 
erence  are  Interchanged,  a  change  considered  to  be  negligible  in  the 
interpretation  of  the  results. 

When  the  geometrical  nature  of  the  reflectance  is  not  the  same  for 
the  sample  and  for  the  reference  then  there  a^lse  difficulties  oest 
illustrated  by  the  consideration  of  a  specular  sample,  when  the  angle 
of  incidence  is  of  the  order  of  45°  the  sample  holdei;  eclipses  from  the 
detector  the  first  reflection  W  t;  »  though  the  major  part  of  this 
reflection  is  incident  on  the  sphere  walls  and  the  intercepted  part  is 
reflected  again  to  them.  Thus,  when  the  shadowing  occurs  the  detector 
irradiation  is 


Wi;'r,  [r^] 


and  the  ratio  of  the  response  in  this  condition  to  that  for  the  MgO 
reference  is**l*/|>j  ,  where  is  the  reflectance  of  the  sphere 

walls.  This  lower  value  occurs  with  specular  samples  for  angles  of 
incidence  from  41  to  54°.  It  could  be  eliminated  by  movement  of  the 
detector  to  a  position  immediately  below  the  sample  holder,  but  this 
modification  will  not  completely  ameliorate  the  difficulty  associated 
with  specular  reflectors.  The  wall  coating  is  apparently  not  a  suf¬ 
ficiently  diffuse  reflector  to  eliminate  a.i  effect  due  to  the  position 
of  the  bright  spot  on  the  sphere  caused  by  the  first  reflection.  As 
spot  location  changes,  the  irradiation  of  the  detector  from  the  first 
reflection  on  the  sphere  wall  apparently  changes,  introducing  slight 
additional  errors  which  depend  on  the  angle  of  inciuence. 

Vitb  the  unit  as  described,  reflectances  were  obtained  for 

50<  ^  <  80°,  the  latter  limit  imposed  by  the  situation  in  which  the  in¬ 
cident  energy  iully  covered  the  sample. 


2i 
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4.0  TOTAL  NORMAL  EMITTANCE 


The  determination  of  the  total  normal  emlttance  was  made  with 
samples  in  air,  heated  from  the  back,  with  sample  temperatures  meas¬ 
ured  with  thermocouples.  The  radiation  was  detected  with  a  calibrated 
radiometer,  the  view  of  which  was  limited  by  shields  to  a  small  angle 
factor  at  normal  incidence.  The  response  of  the  thermopile  detector 
then  gave  the  part  of  the  radiation  of  the  detector  that  was  due  to  the 
observed  sample  area  as 


K(V,-V,) 


Here  K  is  the  instrument  constant 
as  determined  by  calibration,  \f, 
the  voltage  output  of  the  thermo¬ 
pile  when  observing  the  sample,  ^ 
the  thermopile  output  when  observing 
a  black  shield  at  the  temperature  of 
the  shields  and  surroundings. 

The  irradiation  of  the  receiver 
strip  by  the  sample  is 


f:. 


where  F^s  is  the  shape  factor  of  the  sample  area  with  respect  to  the 
radiometer  strip.  The  rmittance  is  consequently  determined  as 


The  need  for  a  precise  determination  of  the  surface  temperature 
establishes  classes  of  materials  for  which  the  emlttance  can  be  deter¬ 
mined  with  reasonable  confidence.  Good  results  are  obtainable  with 
metals,  which  are  good  conductors  and  to  which  thermocouple  wires  can 
be  attached  by  welding  without  radical  alteration  of  the  surface.  With 
coated  metals  the  situation  is  less  satisfactory,  due  both  to  difficult 
in  affixing  the  thermocouple  wires  and  to  possible  thermal  resistance  i 
the  coating  itself. 
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Finally,  the  technique  of  heating  the  sample  from  the  back  causes 
almost  Insurmountable  difficulties  with  plastics,  with  which  the  tem¬ 
perature  variation  through  the  sample  becomes  enormous,  in  consequence 
of  which  sufficiently  precise  determination  of  the  surface  temperature 
is  almost  impossible.  For  this  reason,  the  results  for  all  the  plastics 
are  treated  separately  in  Section  11. 

Two  back  heated  units  were  used  in  the  present  program.  An  elec¬ 
tric  furnace  heating  unit  provided  sample  temperatures  up  to  ITSO^F  and 
a  gas  heated  unit  provided  for  temperatures  up  to  2500°F.  Both  produced 
heating  at  the  top  of  the  sample,  with  the  test  surface  facing  downward. 

4. 1  Electrically  Heated  Unit 


The  electrically  heated  unit  consists  of  a  small  electric  furnace, 
6"  X  6"  X  14"  interior  dimensions,  mounted  with  the  furnace  door  re¬ 
moved  and  open  side  downward.  A  hinged  sample  holding  door  holds  6"  x 
6"  samples  against  the  furnace  opening.  The  30"  height  between  the  fur¬ 
nace  bottom  and  the  floor  is  screened  but  not  sealed  to  prevent  drs^fts. 

A  swinging  door  on  one  side  enables  the  Introduction  of  the  radiometer 
rnd  shield  assembly  on  tracks  provided  for  it.  Radiometer  reference 
readings  are  taken  outside  the  enclosure  and  the  radiometer  is  placed 
under  the  furnace  only  for  the  brief  reading  period. 

The  radiometer  shields  are  made  of  aluminum  sheets  painted  black 
on  the  Inside.  They  are  conical  in  shape  with  cone  opening  angle  of 
45*^  and  as  opening  provided  at  the  top  of  the  cone  to  produce  the  de¬ 
sired  shape  factor.  For  the  electric  stand  two  sets  of  cones  were  used 
to  provide  shape  factors  which  would  limit  the  total  energy  to  a  de¬ 
sired  maximum  value  over  the  full  range  of  temperatures.  For  operation 
from  300^  to  1200°F  the  shape  factor  usiod  was  0.00776  and  for  1200°F  to 
1700^F  the  shape  factor  was  0.00308.  In  low  and  high  temperature  opera¬ 
tion,  the  area  sighted  was  2-7/8"  and  2"  respectively,  with  the  top  of 
the  conical  shields  2-5/8"  from  the  sample  with  the  shields  of  large 
angle  factor  and  3-5/8"  from  the  sample  with  the  shields  giving  a  low 
factor. 

The  maximum  sample  temperature  is  limited  by  the  emissivity  of  the 
sample  and  the  maximum  allowable  furnace  temperature,  the  latter  being 
of  the  order  of  2000°F. 

4.2  Gas  Heated  Unit 

A  gas  heated  unit,  actually  intended  initially  as  a  prototype  for 
a  refined  unit  which  ultimately  was  not  built,  was  used  for  sample  heat¬ 
ing  with  hot  gas  from  an  oxyacetylene  flame  produced  by  a  multiport 
burner.  The  burner  usud  was  a  Victor  12lfL  heating  torch  head.  Convec¬ 
tion  heating  of  this  type  enables  the  attainment  of  somewhat  higher 
temperatures,  but  involves  difficulties  in  the  spatial  variation  of  the 
heat  transfer  coefficient,  very  high  gas  temperatures  near  the  sample, 
and  hot  gas  disposal.  Because  of  the  latter  and  the  crude  form  of  the 
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FLAME  FROM 


Figure  13.  -  Gas  fired  eaittance  stand. 
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apparatus,  operation  «as  in  an  outdoor  location. 

Figure  13  shows  schematically  the  nature  of  the  unit.  The  sample 
lays  upon  a  formed  cylinder  of  castable  ceramic,  (Norton  Alundum  331), 
which  in  turn  is  supported  by  a  water  cooled  table.  The  hot  gas  from 
the  torch  is  confined  by  surrounding  ceramic  sections  and  exhausts 
around  the  edge  of  the  cylinder  just  above  the  location  of  the  sample. 
Thus  the  hot  gas  circulation  is  exclusively  produced  by  the  aspirating 
affect  of  the  burner  itself;  in  general  this  was  insufficient  to  avoid 
the  effect  of  wind  pressure  in  changing  slightly  the  direction  and 
magnitude  of  the  total  gas  flow  rate.  Despite  the  use  of  shields 
around  the  unit,  small  but  significant  changes  of  sample  temperature 
occurred  in  th*  presence  of  slight  gusts  of  wind. 

Exceptionally  uniform  distributions  of  sample  temperatuv'  were 
realised  at  temperatures  below  2500°F.  Observation  of  the  sample  face 
with  an  optical  pyrometer  indicated  uniformity  to  within  S^F,  even  with 
metallic  samples  as  Chin  as  0.013  inches,  in  which  substantial  equali¬ 
zation  of  temperatures  by  conduction  effects  would  not  be  expected. 

Shields  were  placed  below  the  sample  to  eliminate  spurious  ra¬ 
diation  and  reflection  from  the  supporting  ceramic,  and  to  define  the 
shape  factor  for  the  radiometer.  These  were  usually  placed  so  that 
the  shape  factor  was  0.000609  and  the  sample  area  viewed  by  the  radi¬ 
ometer  was  a  circle  1-3/4"  in  diameter.  An  alignment  bar  registering 
on  the  two  shields  was  used  to  locate  the  radiometer.  The  bottom 
shield  defined  the  shape  factor,  and  the  primary  function  of  the  top 
shield  was  the  elimination  of  any  direct  radiation  to  the  inside  of 
the  bottom  shield  and  from  the  sides  of  the  ceramic  holder  to  the 
sample  itself.  The  effectiveness  of  this  latter  protection  depended 
on  the  closeness  of  the  top  shield  to  the  sample;  this  was  subject  to 
variation  from  the  design  specification  by  deformation  of  the  sample 
during  heating.  The  gap  from  the  top  shield  to  the  semple  was  of  the 
order  1/8  to  1/4  inches,  producing  a  shape  factor  from  sample  to  gap  of 
0.06,  with  a  consequent  maximum  error  of  observed 

emittance.  Since  the  emlttance  of  the  mcterials '^as  large,  this  error 
was  not  of  great  consequence. 

The  shields  are  water  cooled,  with  inlet  near  the  top  ring  and 
outlet  below.  Some  details  are  apparent  in  Figure  33. 

4.3  Radiometer 


Measurements  were  made  with  total  directional  radiometers  of  the 
Gier-Dunkle  type,  described  by  Gier(7),  calibrated  against  cavities  at 
temperatures  of  about  1200<^F  and  700°F,  and  with  a  check  on  a  stand¬ 
ard  sample  at  300^F.  The  staudard  sample  used  was  a  surface  grooved 
brass  plate,  painted  on  the  viewed  surface  with  a  diffuse  black  paint 
resulting  in  a  plate  emittance  of  0.97  at  300^F.  These  determinations, 
made  at  various  angle  factors,  were  reduced  to  a  radiometer  constant 
K  =\A/t/a\/  ’  ^bic.h  was  generally  consistent  to  1.5%.  These 
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radiometers,  while  affording  direct  impingement  of  the  radiation  on 
the  receiver  strip,  suffer  from  an  inherently  large  shape  factor  to 
the  surroundings  of  0.0352,  which  is  necessary  because  of  the  length 
of  the  receiver  strip  itself.  Thus,  in  operation,  the  receiver  strip 
sees  much  area  external  to  the  radiometer  itself,  and  careful  shield¬ 
ing  is  required.  However, .the  possibility  of  stray  irradiation  is 
still  large,  and  for  high  temperature  applications  a  focussing  instru¬ 
ment  is  in  many  ways  an  advantage.  The  forte  ox  the  type  of  instru¬ 
ment  used  is  in  its  high  response  in  the  low  temperature  range. 

4 . 4  Thermocouple  Installation 


The  crucial  element  in  emittance  measurement  is  the  determlnatioi. 
of  the  surface  temperature,  and  here  a  major  problem  is  the  **''latloa 
of  the  detector  indication  to  the  average  temperature  of  the  area 
viewed  by  the  radiometer.  With  metallic  samples,  thermocouples  were 
welded  to  the  surface,  each  wire  separately.  For  temperatures  below 
2000OF,  30  gage  chrome 1-alumel  couples  were  used,  with  duplex  asbestos 
and  glass  Insulation.  Details  of  the  thermocouple  attachment  are 
shown  in  Figure  14.  The  part  of  the  viewed  area  actually  covered  by 
wire  was  less  than  0.2%  of  the  total  viewed  by  the  radiometer  in  the 
electrically  heated  stand. 


At  the  higher  temperatures 
associated  with  operation  in  the 
gas  fired  unit,  30  gage  platlnum- 
platinum-10%  rhodium  thermocouples 
were  used.  These  were  welded  to 
metallic  samples  and  were  held  near 
the  viewed  surface.  With  this 
technique  approximately  0.3%  of  the 
viewed  area  was  occupied  by  wire 
or  cement.  Reference  junctions 
were  located  away  from  the  heated 
a»'ea,  with  chrome  1-alumel  couples 
„oed  to  establish  the  reference 
junction  temperatures. 

Ac  alternative  scheme  involved 
bringing  the  bare  wires  from  the 
viewed  surface  through  a  hole  in 
the  sample  plate,  1/4  inch  from 
the  point  of  their  attachment,  then 
along  the  back  of  the  sample,  pro¬ 
tecting  them  there  with  Norton  1139 
alunduffi  cement  and  using  the  cement 
around  the  hole  in  an  attempt  to 
prevent  thermocouple  sh'>rting.  The 
effectiveness  of  the  latter  proce¬ 
dure  was  not  conclusive  and  the 
entire  arrangement  was  short  lived. 


Figure  14. 
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for  the  cement,  projecting  into  the  hot  gas  stream,  was  soon  ablated 
by  it.  When  the  thermocouple  wire  was  exposed  it  immediately  melted. 

One  test,  made  with  a  dual  installation  of  couples,  with  leads  passing 
out  the  front  and  the  back,  indicated  a  10  to  250F  excess  temperature 
for  the  couple  passing  out  the  back  of  the  sample.  If  this  difference 
is  appraised  as  solely  due  to  the  nature  of  the  thermocouple  instal¬ 
lation,  assuming  no  shorts  in  the  leads  passing  through  the  plate  and 
out  the  back,  it  indicates  a  +  5%  uncertainty  in  the  measured  emittance. 

Temperatures  were  obtained  from  the  thermocouple  response  by  means 
of  the  standard  Leeds  and  Northrup  calibration  tables  so  that  inaccu¬ 
racy  in  the  calibration  is  absorbed  as  an  error  into  the  emittance  de¬ 
termination.  Aging  of  the  wires,  involving  a  change  in  calibration 
with  time  of  use  is  a  factor  in  this  regard,  and  the  table  presents 
some  typical  results  where  the  standard  is  a  piatinum-plati»uj."--10% 
rhodium  thermocouple  having  a  Bureau  of  Stanuards  calibration. 


Calibration  Errors  in  Typical  Thermocouple 
Installations  after  4  Hours  at  1900®F 


Thermocouple 


Indication  is 
low  by  °F 


Chrome 1-Alume 1 


welded  junction  13 

welded  to  tab  of  Inconel  4 

Platinum-Platinum- 10%  Rhodium 

welded  junction  7 

welded  to  tab  of  Inconel  5 


The  thermocouple  response  decreases  with  age  so  that  the  apparent 
temperature  is  below  the  true  value.  Differences  of  the  type  shown  in 
the  table  would  lead  to  errors  of  2-1/2%  in  the  emittance  at  2000^. 

Thermocouples  could  not  be  attached  securely  to  the  plastic  sam¬ 
ples  and  the  technique  employed  for  them  is  indicated  in  Section  11.1. 
Certain  of  the  metallic  samples  (coated  Molybdenum)  did  not  permit 
attachment  of  the  thermocouples  by  welding.  Velds,  if  made,  would  de¬ 
teriorate;  separation  of  the  wires  ultimately  occurred  because  of  poor 
weldability  or  because  of  oxidation  of  the  base  metal.  As  an  alter¬ 
nate,  pressure  type  thermocouples  were  applied,  being  made  of  20  gage 
chrome 1-alumel  wires  sharpened  to  conical  tips  having  a  cone  opening 
angle  of  17^  with  a  lip  .007"  in  diameter.  Analytical  estimates  in¬ 
dicate  that  the  temperature  of  the  cont-'.ct  area  should  be  near  that  of 
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stMtUl  therrol  ooot«t  *?  «l>‘<'''«‘>le  .h™  J  tL. 
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creased,  which  reduces  the  theraocouple  proQics  is  in 

aaed  ,Uh  laooaefaaijte  *“• 

thermocouple  as  applied  in  ih?*  <  surface  of  tuo  material.  The  ornn» 

Crfs^^Cb  cSir5“®?  results  are  nSt  jSoted“o?°thrCb 
wheni’vu^  coated  with  Al-si,  aad  the  PMS  coated  with  Al- 

the  welded  thermocouple  ap  o.red  to 
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5.0  SPECTRAL  EMITTANCE 

Measurements  of  normal  spectral  emittance  were  made  with  a  system 
composed  of  a  heated  cavity,  a  small  electric  furnace  for  heating  the 
sample,  and  the  optics  necessary  to  focus  energy  from  the  sample  and 
from  the  cavity  onto  the  inlet  slits  of  the  monochromator.  This  device 
was  put  into  operation  late  in  the  program  and  the  resu Its  obtained 
from  it  are  limited.  Thus,  they  are  regarded  as  preliminary  and  are 
given  in  this  section  to  demonstrate  their  nature  rather  than  being  in¬ 
cluded  in  Section  13  with  the  other  final  results. 

Figui'e  15  Illustrates  schematically  the  nature  of  the  device,  by 
which  energy  alternately  from  the  cavity  and  from  the  sample  could 
'’".ter  the  monoch/omator  system  through  the  diaphragm  and  the  chopper. 

The  general  operation  of  this  unit  is  similar  to  the  tilting  cAvxty  of 
the  reflectance  system  except  that  the  tilting  mirror  supplants  the 
movement  of  the  cavity  and  sample  that  would  be  needed  to  place  them 
alternately  in  the  line  of  sight.  This  relative  simplification  of  the 
mechanical  elements  of  the  system  is  at  the  expense  of  great  sersitiv- 
ity  to  the  alignment  of  the  tilting  mirror.  The  tilting  mirror  must 
effect  coincidence  of  the  positions  of  the  two  images  on  the  monochro¬ 
mator  inlet  slits,  such  that  the  optical  paths  within  the  monochromator 
are  identical.  At  the  present  lime  it  is  not  completely  clear  that  the 
mechanical  advantage  of  the  tilting  mirror  system  over  one  involving 
mechanical  exchange  of  cavity  and  sample  position  is  a  sufficient  one 
when  it  is  compared  to  the  disadvantage  of  the  difficulty  of  optical 
alignment.  This  alignment  is  made  more  difficult  because  the  off  axis 
spherical  mirror  produces  focal  lines  at  the  diaphragm  location  to 
make  Imaging  difficult.  After  the  beam  leaves  the  chopper  it  is  focused 
on  the  inlet  slits  of  the  monochromator  by  a  set  of  mirrors  which  im¬ 
prove  the  situation  and  give  a  definite  focus  at  the  inlet  slits. 

In  operation,  with  energy  arising  at  the  cavity  ultimately  reach¬ 
ing  the  thermocouple  detector,  the  amplified  and  rectified  detector  out¬ 
put  is : 


S,=  K  tE.-  E.1 


Where  E|^  is  the  monochromatic  emissive  power  of  the  cavity,  £e  that 
due  to  the  temperature  of  the  chopper,  and  the  constant  K*  depends  on 
path  absorption,  slit  width,  optical  gain  of  the  system  and  electrical 
gain  of  the  amplifier.  When  the  sight  is  on  the  sample,  with  the  same 
mechanical  and  electrical  settings  on  the  monochromator,  the  response 
is : 
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5,  =  K[«E,+  >-.G.-£j 


5.0.2 


Now  the  irradiation,  G«»  *  sample  from  the  surroundingo 

is  substantially  from  regions  at  temperature  T*  ,  so  that  with  small 
error,  can  be  set  equal  to  Ec  >  give  for  the  ratio  of  the 

response  magnitudes; 


c 

E.-E. 


5.0.3 


In  operation,  the  temperatures  of  the  cavity,  Tu  »  and  of  the 
sample,  ~s  >  are  set  close  together  but  they  must  still  be  known 
with  good  accuracy.  This  latter  requirement  is  easily  visualized  by 
considering  a  situation  in  which  there  actually  exists  an  error  AT  in 
the  sample  temperature.  We  obtain  from  Equation  5.0.3 


A€  _  -A  El 


and  for  short  wavelengths  this  gives  approximately; 


^  oi  c>  at; 
e  “  AT, 


This  error  is  large  at  short  wavelengchs  and  it  diminish js  as  the 
wavelength  increases.  Typically,  at  1340OF,  an  error  of  20®P  in  the 
sample  temperature  produces  an  error,  ^Vc  of  16%  at  1  micron,  5%  at 
3  microns,  and  1.6%  at  10  microns.  When  the  spectral  emittance  values 
are  integrated  to  obtain  the  total  emittance  an  error  of  4.5%  will 
exlsc  in  the  result  due  to  the  varying  error  with  wavelength.  In  a 
total  emittance  measurement  made  at  the  same  temperature  as  is  used 
for  the  spectral,  and  with  the  same  temperature  measurement  error,  the 
error  in  the  result  would  also  be  4.5%. 

It  is  the  error  in  the  measurement  of  surface  temperature,  which 
cannot  be  appraised  easily,  that  introduces  the  major  error  into  the 
spectral  emittance  results. 
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Figure  16  shows  some  of  the  initial  values  obtained  in  the  range 
1  to  15  microns.  The  measured  emittances  are  shown  as  (i-C)  t  so 
that  they  can  be  compared  directly  with  the  results  for  the  spectral 
reflectance.  Since  the  emittances  were  obtained  with  sample  tempera¬ 
tures  of  the  order  of  1400°F,  they  ought  to  be  compared  to  reflectances 
measured  at  similar  temperatures.  Figure  16  shows,  however,  reflect¬ 
ances  measured  with  a  cold  sample,  as  representative  of  values  of 
greatest  assurance,  with  the  realization  that  the  reflectances  at  high¬ 
er  temperatures  are  Indeed  slightly  different. 

The  emittances  for  Inconel  correspond  well  with  the  reflectances 
in  the  range  1<A<7,  although  there  are  some  differences  in  detail. 

From  7  <  <  I'i,  however,  the  emlttance  values  fail  to  reflect  the  min¬ 

imum  which  occurs  in  the  reflectance  curve,  so  that  on  the  reflectance 
scale  the  values  differ  by  50%.  This  may  in  part  be  due  to  a  difference 
in  samples,  though  the  emlttance  sample,  while  different,  had  about  the 
same  thermal  history  as  did  the  sample  from  which  the  reflectance  was 
determined. 

The  results  for  HS25  show  good  correspondence  but  the  agreement 
is  tempered  by  the  effect  of  difficulties  in  temperature  measurement 
on  this  sample.  Thermocouples  attached  to  the  front  and  the  back  in¬ 
dicated  temperatures  differing  by  50°F,  and  the  average  of  these  tem¬ 
peratures  was  used  as  the  basis  of  emlttance  evaluation.  This  serious 
difference  was  apparently  due  to  poor  welds  and  the  consequent  thermal 
resistance  at  the  contact  Joint.  Because  of  the  doubt  concerning  the 
actual  temperature,  the  differences  between  the  results  for  reflectance 
and  emlttance  in  the  region  A<  5  may  be  due  to  a  small  error  in  the 
temperature  estimate. 

For  M252  there  is  again  fair  agreement  between  the  measured  emit¬ 
tances  and  the  reflectance  results,  except  at  the  extremes  of  the 
range  of  wavelengths.  At  low  wavelengths  this  is  doubtless  due  to 
error  in  the  temperature  measurement,  and  an  "adjusted"  curve  shows 
the  result  of  postulating  a  sample  temperature  12^F  higher  than  the 
measured  value.  This  is  a  dramatic  illustration  of  the  sensitivity  of 
the  results  at  low  wavelengths  to  errors  in  the  temperature.  But  the 
possible  12°F  deviation  is  really  unsupportable  in  the  case  of  this 
particular  set  of  results,  for  which  the  indication  of  the  thermocou¬ 
ples  at  the  front  and  at  the  back  of  the  sample  differed  by  less  than 
20F. 
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6.0  ROUGHNESS 


In  the  expectation  that  the  roughness  of  the  surface  might  have 
an  important  influence  on  its  reflectance,  the  roughness  of  the  sur¬ 
face  of  most  of  the  samples  was  determined  by  means  of  a  Talysurf 
Model  3  Surface  Measuring  Instrument.  This  is  a  stylus  device  with 
an  effective  tip  dimension  of  2.5  microns,  which  by  the  manufacturer’s 
specification  should  portray  crests  spaced  5  microns  and  more  apart. 
Obviously,  the  true  depth  might  not  be  reproduced  due  to  the  limited 
entry  of  the  stylus,  the  complete  dimensions  of  which  are  unknown. 

The  response  of  the  stylus  is  portrayed  on  a  linear  chart,  with  a  hor¬ 
izontal  reproduction  of  254  microns  per  inch  of  chart  and  a  variable 
vertical  reproduction  from  0.5  to  25  microns  per  inch  of  chart.  For 
the  samples  examined,  this  latter  ratio  was  commonly  either  5  or  12.5. 
'>’his  large  rativ.  of  vertical  to  horizontal  produces  a  record  that  ex¬ 
aggerates  the  roughness  effect;  this  is  shown  in  Figure  17  b;-  a  typi¬ 
cal  chart  and  its  interpretation  in  which  equal  measures  of  horizontal 
and  vertical  distances  are  used.  This  transforms  the  irregular  appear¬ 
ance  of  the  record  obtained  from  the  instrument  chart  to  an  undulating 
curve. 

No  satisfactory  specification  has  been  found  for  the  nature  of 
the  roughness.  What  has  been  done  in  most  of  the  results  is  to  specify 
the  height  of  the  fine  structure  and  to  indicate  also  the  height  of  the 
greater  variations  in  profile  which  occur  with  a  much  lower  frequency, 
characterizing  the  latter  by  the  linear  distance  between  the  large  var¬ 
iations.  Another  specification  that  may  be  of  significance  is  the  total 
line  length  in  the  true  coordinates,  as  this  would  indicate  selectively 
the  increase  in  surface  area  produced  by  the  roughness.  This  involves 
a  tedious  calculation  from  the  Talysurf  record  and  was  not  done  exten¬ 
sively.  For  the  boron  carbide  coating,  the  increase  of  line  length 
was  only  2%,  a  result  obvious  from  observation  of  the  true  profile  in 
Figure  17.  This  implies,  at  least,  that  the  surface  area  is  not  great¬ 
ly  magnified  by  the  roughness  and  that  any  variation  in  the  reflectance 
which  might  depend  on  the  roughness  effect  would  not  do  so  through  an 
increase  in  surface  area  alone. 

Any  survey  of  the  effect  of  roughness  on  the  radiation  properties 
as  they  are  presented  in  Section  13  for  the  various  samples  is  limited 
by  the  uniqueness  of  the  roughness  for  each  sample  and  the  lack  of  re¬ 
flectance  values  for  varying  roughness  for  any  particular  sample. 
Moreover,  most  of  the  samples  possessed  a  low  reflectance  due  primarily 
to  the  dielectric  properties  of  the  coatings  and  less  to  the  particular 
nature  of  the  surfaces.  Only  with  polished  metals  was  there  evident  a 
pronounced  effect,  and  within  the  time  available  for  experimental  work, 
this  was  observed  only  in  the  range  from  0.7  to  2.7  microns.  These 
results  are  not  presented  specifically,  although  they  appear  in  part 
in  Section  10,  where  the  results  tor  copper  show  a  10%  reduction  in 
reflectance  due  to  a  considerable  Increase  in  roughness.  For  bakolite, 
on  the  other  hand,  an  increase  of  roughness  produced  no  significant 
change  from  the  already  low  reflectance  of  the  polished  material. 
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Figure  17.  -  Typical  roughness  characteristics  of  test 
materials.  Inserts  indicate  record  as  presented  by 
pro f i lome ter . 


?.0  CHARACTERISTICS  OF  SELECTED  MATERIALS 

A  primary  objective  of  the  research  was  the  determination  of  the 
thermal  radiation  properties  of  a  number  of  materials,  the  majority 
of  which  were  furnished  by  WADD.  Spectral  and  total  radiation  pro¬ 
perties  are  involved,  and  it  is  important  that  these  be  compared,  for 
there  are  uncertainties  in  each  of  the  individual  measurements  which, 
through  comparison,  can  be  better  appraised  and  which  in  aggregate  can 
lead  to  a  preferred  evaluation  of  the  properties  of  individual  mat¬ 
erials.  Table  I  lists  the  materials,  indicates  the  character  of  the 
results  obtained  for  each,  and  specifies  the  location  of  the  detailed 
results  for  each  sample,  as  these  are  located  in  Section  13. 

7.1  Nature  of  the  Results 

The  results  for  each  of  the  sasiples  a-e  given  in  a  standard  form; 
this  section  contains  the  list  of  the  items  used  in  that  form  with 
comments  pertinent  to  each. 

1.  Material  -  Specification  or  WADD  Number 

2.  Initial  Treatment  -  Done  after  receipt  of  sample.  Prior 
treatment,  if  specified,  given  in  "Material"  item. 

3.  Roughness  -  Talysurf  indication  (Section  6.0)  expressed 
as  the  height  of  the  fine  structure  together  with  a 
height  and  spacing  for  the  longer  irregularities. 

4.  Spectral  Reflectance  -  These  reflectances  are  those  ob- 
talned  from  the  heated  cavity,  being  ,  Equation  2.1.6 
with  7**  >  for  cold  operation  according  to  Equation 
3.1.4  and  for  hot  operation  according  to  Equation  3.1.5, 
for  the  range  1  to  25  microns.  In  the  range  0.3  to  2.5 
microns  the  reflectance  is  ,  Equation  2.1.3,  psA  , 
as  obtained  from  the  Beckman  DK2  reflectometer,  with 
cold  sample.  These  are  distinguished  by  the  separate 

line  designations  - —  ,  cold; - ,  hot; 

.  ,  DK2.  ^ 

The  reflectances  are  presented  graphically  on  an 
arbitrary  abscissa  scale  which  tends  to  give  propor¬ 
tional  weights  to  the  reflectances  when  they  are  used  for 
emittance  calculation  at  high  and  low  temperatures.  Part 
of  the  data  is  repeated  on  a  larger  scale  for  0  to  2.5 
microns  to  aid  in  calculations  of  solar  absorptance. 

5.  Total  Normal  Emittance 

Measured  -  These~ are  total  normal  emittances  , 

obtained  frcm  the  electrically  heated  stand,  Section  4.1, 
and  the  gas  heated  stand,  Section  4.2,  calculated  from 
Equation  4.0.1.  The  results  are  shown  as  points  on  a 
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curve  of  emittance  as  a  function  of  temperature. 

The  designations  are:  ^  ,  rising  temperature; 

,  decreasing  temperature;  both  from  the 
electrically  heated  unit  and  O  ,  gas  heating. 

Predicted  -  Normal  total  emittances,  , 

have  been  predicted  from  the  measured  spectral 
reflectances,  f),  ,  from  the  heated  cavity  results 
for  1  A  25  and  from  the  Beckman  results 

for  A<  1  micron.  As  indicated  in  Section  2.2, 
the  use  of  in  this  sense  is  correct  ’shtle  the 

use  of  presumes  that  *  lyi  .  More  i:aportant 
the  implication  contained  in  Section  3.3  that 
the  Beckman  results  may  give  reflectances  that  u. 
a  little  too  low,  but  in  the  total  emittance  cal¬ 
culations  those  values  arc  used  only  for  A  1  and 
there  is  little  energy  in  this  region  for  T  <  3000°?. 
Finally,  for  poor  reflectors,  the  error  in  the  emit¬ 
tance,  ( I-  D  ,  is  not  very  great.  Spectral  re¬ 
flectances  chosen  in  this  way  were  then  integrated 
to  obtain  the  total  emittance; 


/- 


A.- 


Aj-*-aA; 

} 


Scales  such  as  shown  on  Figure  18  were  then 
constructed  for  twenty  equal  increments  of 
The  average  reflectance  p  is  an  average  with  refe- 
pect  to  energy,  but  in  using  an  overlay  such  as 
shown  on  Figure  18  in  connection  with  the  plot  of 
spectral  reflectance  results,  averages  were  actually 
taken  with  respect  to  wavelength.  Most  of  the  sub¬ 
divisions  are  small  and  the  variation  of  reflectance 
in  them  is  small,  so  the  error  is  negligible.  There  is 
an  error  in  the  increment  at  highest  wavelength,  but 
since  this  encompasses  at  most  only  a  twentieth  of  the 
total  energy,  the  error  is  fractional  here  also. 

The  total  reflectance 

is__obviously  then  the  average  of  the  t*wenty  r.verages, 

F  ,  selected  for  the  wavelength  increments  of 
Figure  18.  Emlttances  so  obtained  are  shown  graphically 
on  the  Figure  which  contains  the  measured  values  of 
total  emltvance,  for  both  the  "cold"  reflectance  and 
the  reflectance  measured  at  elevated  temperature. 
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re  18.  -  Equal  energy  increments  used  in  integration: 
total  emittances.  5%  of  total  energy  extends  beyond 
end  limit  of  bands  shown. 
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6. 


Solar  Absorptances  -  For  certain  samples  the  solar 
absorptance  has  IBeen  calculated  from  the  spectral 
reflectance  data  and  the  solar  irradiation  for  zero 
air  mass  ^(outside  the  atmosphere)  as  given  by 
Johuson'^K  The  method  of  calculation  is  the  same 
as  that  specified  for  the  total  emittance  values 
and  Figure  19  shows  also  the  wavelength  subdivisions 
used  for  the  calculation  of  the  absorptances.  Figure 
19  also  contains  the  wavelength  subdivisions  for 
twenty  equal  energy  increments  for  solar  irradiation  at 
sea  level  (air  mass  2)  as  presented  by  Johnson. 

7.  S^pectral  Emittance  -  The  spectral  emittance  system 
became  operative  so  late  in  the  program  that  the 
results  so  far  obtained  must  be  regarded  as  prelimi¬ 
nary.  For  this  reason,  only  a  few  results  for  spectral 
emittance  are  contained  in  Section  5,  where  the  system 
is  briefly  described  and  the  technique  of  its  use  is 
indicated. 
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8.0  TOTAL  EMITTANCE  AND  THE  SPECTRAL  REFLECTANCE  RESULTS 


A  primary  use  of  the  spectral  reflectance  results  is  in  the  pre¬ 
diction  of  the  total  emittance  though  they  are  obviously  also  essen¬ 
tial  in  other  applications  such  as  the  evaluation  of  radiant  energy 
interchange  between  non-grey  surfaces.  It  has  been  indicated  in  Sec¬ 
tion  7.1  that  the  reflectances  measured  in  the  cavity  system  should 
lead  directly  to  values  of  the  total  normal  emittance  and  that  those 
from  the  integrating  sphere  systems  should  without  much  error  be  us¬ 
able  for  such  a  calculation,  provided  that  their  influence  is  mini¬ 
mized  by  making  that  prediction  for  temperature  levels  less  than 
3000°F.  Such  predictions  of  the  emittance  have  been  maue  lor  all  of 
the  samples  for  which  spectral  reflectance  results  were  obtained.  Ir 
the  present  context  this  evaluation  is  of  the  greatest  interest  for 
those  samples  for  which  results  were  also  obtained  for  the  total  nor¬ 
mal  emittance,  since  the  comparison  of  measured  and  predicted  values 
then  demonstrates  the  degree  to  which  the  expected  correspondence  is 
obtained. 

In  general,  the  measured  values  of  the  total  normal  emittance  ex¬ 
ceed  the  predicted  values.  This  is  shown  in  detail  in  the  presentation 
of  results  for  each  sample,  and  is  summarized  in  Table  2,  in  which  the 
experimental  values  are  estimated  from  the  trend  of  the  results  if  an 
experimental  value  was  not  obtained  for  the  particular  temperature 
shown  in  the  table.  The  predictions  shown  there  are  made  from  reflec¬ 
tance  data  obtained  with  a  cold  sample. 

Table  2 


Material 

Temperature  ©F 

Measured 

Predicted 

Rene  41 

800 

.79 

.78 

1500 

.845 

.82 

Boron  Carbide 

800 

.93 

.89 

1500 

.96 

.91 

PRF5 

800 

.90 

.84 

1500 

.91 

.84 

Ch  dipped  in 

800 

.83 

.80 

Al-Si 

1500 

.85 

.82 

Inconel 

800 

.69 

.68 

1500 

.75 

.73 

M  252 

800 

,78 

.77 

1500 

.83 

.80 
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The  evidence  shows  the  measured  value  to  generally  exceed  the 
predicted  one;  the  difference  can  be  attributed  to  errors  of  measure¬ 
ment  and  to  the  possibility  that  the  spectral  reflectance  at  elevated 
temperatures  differs  from  that  which  was  measured  at  low  temperatures. 
This  latter  effect  does  exist  for  metals,  but  its  nature  for  non¬ 
conductors  remains  ambiguous  and  the  reflectances  measured  at  high 
temperature,  with  the  air  cooled  sample  holder,  do  not  give  definitive 
evidence  in  this  regard.  Those  results,  for  a  temperature  of  the  order 
of  lOOQOF,  are  shown  in  the  results  section.  They  usually  indicate  a 
reflectance  greater  than  that  obtained  with  a  cold  sample.  Emittances 
calculated  from  these  reflectances  would  then  be  below  the  prediction 
of  the  Table  increase  the  disparity  with  the  experimental  results. 
This  differen-e  varies  with  the  particular  sample,  and  some  ox  the  dif¬ 
ference  between  the  "cold”  and  "hot"  spectral  reflectances  r.v.y  indeed 
be  due  to  errors  associated  with  the  deteriulnatlon  of  the  surface  tem¬ 
perature,  as  indicated  in  Section  3.1.  These  are  such  as  to  always 
make  the  apparent  reflectance  greater  than  the  true  value,  with  a 
consequent  prediction  of  lower  emittance  from  the  "hot"  reflectance 
data.  While  this  rationalizes  the  difference,  no  such  adjustment  will 
make  the  spectral  raflectance  results  for  the  hot  sample  coincide  with 
those  of  the  cold  sample.  This  is  illustrated  for  two  samples  in, Fig¬ 
ure  20,  which  shows  the  "hot"  and  "cold"  reflectance  data  for  Rene  41, 
together  with  the  "hot"  results  that  would  be  obtained  for  a  surface 
temperature  20°F  in  excess  of  that  measured  at  the  back  of  the  sample. 

A  similar  presentation  is  made  for  the  boron  carbide,  the  temperature 
change  in  the  results  for  the  hot  sample  being  40*^F.  These  increases 
in  the  temperature  of  the  sample,  above  what  was  measured,  were  chosen 
rather  arbitrarily,  to  bring  the  values  of  the  reflectance  obtained 
with  the  hot  sample  into  closer  coincidence  with  those  reflectances 
obtained  with  the  cold  sample.  For  the  boron  carbide  coating  at  least, 
there  is  reality  in  this  appraisal.  Considering  the  thickness  of  the 
coating,  together  with  an  arbitrarily  assumed  thermal  conductivity  of 
1  Btu/  hr.ft.^F,  there  is  expected  a  temperature  drop  of  18*^1'  through 
the  cavity,  under  the  operating  conditions  in  which  the  hot  reflect¬ 
ance  results  were  obtained. 

As  indicated  by  Figure  20,  the  effect  of  temperature  changes  is 
primarily  in  the  long  wavelengths  and  the  results  at  short  wavelengths 
are  almost  unaltered.  Thus,  there  remains  a  definite  Indication  of 
some  change  in  the  reflectance  as  the  surface  temperature  is  increased, 
of  such  nature  as  to  Increase  slightly  the  difference  between  the  meas¬ 
ured  and  predicted  values  of  the  emittance. 

In  considering  the  differences  that  exist  between  the  predicted 
^nd  the  measured  values  of  the  emittance  it  is  important  to  ..‘ecognize 
that  they  differ  only  on  the  order  of  5%,  and  that  this  difiei'ence  is 
increased  only  slightly  if  the  "hot"  values  of  the  reflectance  are  used 
in  the  calculations.  This  represents  rather  good  agreement,  especially 
in  consideration  of  the  possible  errors  that  exist  in  the  results  for 
the  total  emittance  and  which  tend  to  produce  high  values  in  that  meas¬ 
urement. 
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Figure  20.  -  Hot  and  cold  reflectance  data  for  two 
saaples.  Curve  A,  hot  sample;  Curve  B,  same  as  A 
assuming  error  of  4  in  sample  temperature;  Curve 
C,  cold  sample  data. 
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specification  of  the  total  normal  emittance  either  f-ntr 
measurement  or  by  calculation  from  the  normal  spectral  rtf lectanrc- 
leaves  yet  to  be  attained  the  value  of  the  totS  SeSspJeWcaJ  emH 

knowledffp'^of found  either  by  measurement  or  through 
kno>» ledge  of  the  geometrical  distribution  of  the  radiation 
measurements  were  not  made  In  this  program,  the?  Svoi™  Sisto^i 

xion,  except  for  specular  surfaces  of  low  emittanrA  ai _ 

ahsorptance,  given  ihl^Kin ’  lof s^ 
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9.0  COMPARISON  WITH  OTHER  RESULTS 

It  Is  significant  to  compare  the  results  of  this  report  with  those 
of  othersj  for  similar  materials,  that  have  been  obtained  with  differ¬ 
ing  experimental  arrangements.  One  possible  result  of  such  a  compari¬ 
son  is  an  evaluation  of  the  effects  of  uncertainties  in  measurement  and 
method  of  calculation.  Comparisons,  unfortunately,  are  themselves  not 
absolute,  for  there  is  ample  evidence  of  change  in  the  surfaces  of  mat¬ 
erials  which  experience  different  environmental  histories  and  tne  con¬ 
sequent  change  of  their  radiation  properties.  In  addition,  for  the 
materials  reported  on  herein  there  exists  only  a  meager  amount  of  al¬ 
ternate  data.  It  is  significant,  however,  that  in  these  cases  there 
is  a  fair  meas.re  of  correspondence  between  the  rosulto  presented  here 
and  those  available  from  other  measurements. 

Spectral  emittance  results  have  been  presented  by  Harrison  et.alC®) 
for  oxidized  Inconel;  they  reveal  an  insensitivity  to  sample  tempera¬ 
ture  for  >  8  and  a  pronounced  temperature  effect  for  7.  Figure 
21  shows  these  emittance  results  represented  as  reflectances,  and  con¬ 
tains  also  the  present  results  for  the  "cold"  reflectance  as  they  are 
given  on  pago  94.  Fair  correspondence  is  revealed  in  the  region  from 
1  to  7  microns  between  the  low  temperature  (9450F)  emittance  data  and 
the  reflectance  data.  For  A>  5,  however,  the  NBS  data  is  consistently 
lower  than  the  measured  reflectances,  and  the  difference  becomes  large 
at  X  >  1  microns.  There  is  a  suspicion  that  this  may  indicate  a  heav¬ 
ier  oxide  coating  on  the  NBS  specimen,  but  nothing  definite  can  be  said 
in  this  regard. 

Total  emittance  values  are  also  presented  for  Inconel  on  Figure 
21,  which  is  like  that  of  page  95  except  that  additional  comparative 
results  are  included.  Two  of  these  are  predicted  values  from  earlier 
measurements  made  on  different  samples  in  the  heated  cavity  system,  as 
reported  by  Eteraad*!®'.  These  show  magnitude  agreement  with  the  pre¬ 
sent  total  emittance  values  because  lower  spectral  reflectances  were 
indicated  for  these  samples.  Values  predicted  from  the  NBS  emittance 
data  are  also  indicated  and  these  differ  markedly  from  the  other  pre¬ 
dictions  by  their  altered  dependence  on  temperature. 

Total  emittance  x’esults  are  given  by  Clayton  and  Evans for 
Rene  41,  HS25,  and  H252  and  these  are  compared  in  Figure  22  to  the  preh¬ 
eat  results  for  these  materials.  There  is  a  correspondence  in  magnitude 
in  the  results,  particularly  for  the  Rene  41  and  for  the  HS25. 

By  taking  a  mean  line  through  the  results  indicated  by  Clayton, 
these  results  exceed  the  present  results  found  for  the  Rene  41  by  12% 
at  500°F,  and  are  practically  identical  at  1700°F  where,  in  fact,  the 
present  results  show  a  scatter  of  over  5%.  Only  a  single  point  is 
available  for  the  HS25,  at  1600°F,  and  this  is  identical  to  the  present 
results  at  that  temperature. 


WADD  TR  60-370 


47 


WADD  TR  60-370 


48 


Figure  22.  -  Comparison  of  total  omittance.  Points 
are  present  results,  solid  curves  integrated  values 
from  spectral  reflectances.  Dashed  curve  from  Ref¬ 


erence  11.  Solid  points  from  second  sample  of  same 
material. 


WADD  TR  60-370 


49 


The  greatest  deviation  exists  in  the  results  for  M252,  although 
there  is  evidence  that  the  sample  tested  by  Clayton  v-as  oxidized  to 
a  greater  degree.  The  present  emittances  are  18%  lower  and  confidence 
in  their  magnitude  is  inspired  by  their  position,  close  to  the  pre¬ 
diction  made  from  the  reflectance  results. 

In  appraising  the  results  obtained  by  Clayton,  it  is  important 
to  note  that  these  were  obtained  in  reference  to  the  emittance  of  a 
boron  carbide  coating,  for  which  the  emittance  was  assumed  to  be  0.9S. 
The  present  results  foi'  boron  carbide  coatings,  contained  on  page 97 
are  ot  interest  in  this  connection.  These  reveal  that  while  the  emit¬ 
tance  is  actually  of  the  magnitude  used  by  Clayton,  At  may  well  be 
slightly  less  and  it  does  indicate  some  variability  with  temperature 
On  this  score,  the  results  inferred  with  boron  carbide  as  a  reference 
may  well  be  high,  and  this  effect  would  be  greater  at  the  'wwer  tem¬ 
peratures. 
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10.0  ANGULAR  DEPENDENCE  OF  THE  ABSORPTANCE 

Measurements  with  the  integrating  sphere  ^escribed  in  Section 
3,3  produced  values  of  the  reflectance,  ,  for  varying  angles, 

(f>  ,  of  incident  radiation.  These  are  more  useful  when  con¬ 
verted  to  angular  absorptance  >  absorptance  as  a 

function  of  angle  of  incidence  becomes  important  when  point  radia¬ 
tion  sources  are  involved,  as  exemplified  by  the  solar  irradiation 
of  a  satellite  or  :>pace  vehicle.  The  angle  of  Incidence  between 
the  sun's  rays  and  normal  to  the  satellite  surface  has  a  strong  in¬ 
fluence  on  the  amount  of  energy  it  reflects  and  absorbs. 

It  is  important  to  note  again  that  angular  absovptance  is  re¬ 
lated  to  anrular  emittance  only  for  a  completely  specular  surface. 
For  such  a  surface  it  would  be  possible,  given  fi  ,  to  determine 
the  angular  emittance.  This  relation  will  not  hold  for  surfaces 
with  both  specular  and  diffuse  reflecting  characteristics;  the 
sphere  doss  not  directly  indicate  the  specularity  of  the  surface. 

Figure  23  presents  results  at  1.2  microns  for  polished  samples 
which  were  specular,  or  approximately  so.  In  the  range  41°  to  54°, 
as  mentioned  on  Section  3.3,  the  sphere  produced  results  which  were 
multiplied  by  some  fraction  of  the  wall  reflectance.  When  the 
first  reflection  was  completely  shielded  from  the  detector  by  the 
sample  holder,  at  45°  incidence,  the  multiplication  was  by  the  wall 
reflectance  Itself.  This  reflectance  was  determined  from  a  sample 
coated  with  a  similar  thickness  of  MgO  and  the  results  at  45°  in 
Figure  23  were  corrected  for  this  effect,  to  orient  a  broken  line 
indicative  of  appropriate  values  in  the  region  of  uncertainty. 

Other  curves  show  the  prediction  from  electromagnetic  theory  for 
pure  copper  and  for  a  dielectric  of  index  of  refraction  equal  to 
2.0  .  The  experimental  curve  for  copper  agrees  with  theory  in 

magnitude,  but  contains  variations  in  detail;  there  are  secondary 
effects  believed  to  be  associated  with  the  movement  of  the  specu¬ 
lar  first  reflection  around  the  sphere  wall.  These  gave  rise  to 
Increasing  reflectance  from  0  to  20  degrees,  and  a  decrease  beyond 
60  degree  incidence.  The  results  for  ^imooth  bakelite  show  the  45° 
dip,  but  all  other  effects  are  masked  by  the  low  reflectance  of 
this  material.  Good  correspondence  is  indicated  with  respect  to 
the  prediction  for  a  dielectric  from  electromagnetic  theory. 

Figure  24  presents  results  for  roughened  specular  reflectors. 
The  copper  sample  was  roughened  by  a  grid  of  grooves  of  45°  open¬ 
ing  angle,  0.005  inches  (127  microns)  deep;  the  surface  created  is 
an  array  of  pyramids.  The  24ST  aluminum  and  bakelite  samples  were 
roughened  with  sandpaper,  the  scratches  all  running  parallel.  The 
average  spacing  and  depth  of  the  coarse  grooves  is  given,  as  is 
the  peak  to  peak  depth  of  the  fine  structure,  as  measured  with  the 
Talysurf  Prof ilomGt»,r;  all  readings  follow  in  microns: 
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■CALCULATED  FOR  COPPER  X=l.8/i 


COPPER 


24  sr  ALUMINUM 


X  =  |.2  MICRONS 


if] 


CALCULATED  n  =  2 


BAKELITE 


10  20  30  40  50  60  70  80  90 

0  -  ANGLE  OF  INCIDENCE 


Figure  23.  -  Angular  Reflectance  of  polished  sanplus  at 
1.2  microns.  Dashed  portions  show  the  magnitude  af+er 
the  correction  associated  with  specular  samples. 
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Figure  24.  -  Angular  reflectance  of  roughened  sauple 
at  1.2  microns.  Dotted  curves  are  uncorrected  re¬ 
sults  for  polished  samples  of  same  material. 
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The  reflectance  of  the  copper  has  been  reduced  by  the  roughen¬ 
ing  and  by  the  diffuse  character  of  the  reflection  produced  by  the 
rough  surface.  The  minimum  at  45°  found  in  the  specular  surface 
results  has  been  eliminated.  The  form  of  the  ref Iwctancc  curve  re¬ 
mains  similar  to  that  predicted  for  a  smooth  copper  surface,  but  at 
reduced  magnitude.  The  aluminum  sample,  grooved  in  only  one  dir¬ 
ection,  still  has  a  significant  specular  component,  as  evidenced  by 
the  o5^  minimum.  Roughness  has  flattened  out  the  curve,  and  lowered 
it  approximately  10%  in  comparison  with  the  polished  sample.  The 
bakelite  data  corresponds  closely  with  polished  sample  results. 

Only  the  decrease  due  to  the  specular  component  of  the  polished  sam¬ 
ple  distinguishes  one  sample  from  the  other.  It  appears  that  the 
only  effect  of  surface  roughness,  other  than  masking  the  specular 
spot  error  inherent  in  the  sphere,  is  to  lower  the  magnitude  of  the 
reflectance.  The  shapes  of  the  curves  remain  the  same,  except  at 
very  high  (80°+)  angles  of  incidence.  The  few  modes  of  roughness 
studied  indicate  no  strong  aggregate  effect  on  directional  distri¬ 
bution.  It  appears  most  surfaces  found  in  nature  will  comform  to 
this  observation. 

Figure  25  presents  some  additional  results  for  the  dependence 
of  reflectance  on  the  angle  of  incidence  for  other  samples,  for 
which  additional  radiation  properties  have  been  determined,  as 
specified  in  Section  7. 

The  information  on  the  absorptance  as  a  function  of  angle  of 
incidence  makes  possible  the  evaluation  of  the  ratio  of  the  ab¬ 
sorptance  for  hemispherical  Irradiation  to  that  for  normal  irradia¬ 
tion,  a  ratio  that  is  sometimes  quoted,  as  an  appraisal  of  the  de¬ 
parture  from  a  constant  absorptance  with  angle,  which  of  course 
would  make  the  ratio  unity.  It  can  be  evaluated  analytically  for 
smooth  surfaces  from  the  reflectances  specified  from  electromag¬ 
netic  theory  and  of  course  for  those  surfaces  it  also  is  the  ratio 
of  the  total  emittance  to  that  in  the  normal  direction.  This  fol¬ 
lows  since  and  for  speculai*  surfaces  ,  This 

predicted  ratio  is  often  presented  as  a  function  of  the  normal 
value;  Eckert ^ 2)  has  compared  his  measurements  of  emittance  to  such 
a  prediction,  to  show  that  even  relatively  non-specular  surfaces 
yield  ratios  of  the  order  of  magnitude  that  are  predicted  for 
specular  surfaces. 
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Figure  25.  -  Angular  reflectance  of  several  sample  at 
1.2  microns.  Curve  A,  F120;  Curve  B,  CTL  37-9X-  Curve  C, 
Alclad  solar  absorber;  Curve  D,  oxidized  Inconel;  Curve 
E,  M252,  Cux've  F,  Chromate  on  Inconel. 
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For  all  smooth  surfaces  the  predicted  absorptance  is  almost 
invariant  for  angles  of  up  to  50°  with  the  normal.  Dielectrics, 
which  generally  are  poor  reflectors,  experience  an  increase  in  re¬ 
flectance  beyond  these  angles,  an  increase  which  becomes  large  after 
60°.  Thus,  the  ratio  of  the  normal  to  the  hemispherical  absorptance 
may  turn  out  to  be  slightly  less  than  unity.  Metals  indicate  a  less 
variable  reflectance,  which  does,  however,  diminish  significantly 
only  at  about  80°,  with  a  return  to  higher  reflectances  at  grazing 
angles.  The  decrease  is  enough  to  make  the  hemispherical  absorptanc 
exceed  the  normal  value.  The  rough  surfaces  that  were  examined  act¬ 
ually  show  a  somewhat  similar  behavior,  though  of  different  magni¬ 
tude;  Table  3  contains  the  experimental  values  of  the  ratio  ®^/p/k.o 
obtained  from  these  measurements.  The  predicted  values  for  smooth 
surfaces  ba'irg  the  same  normal  absorptance  are  cos'tained  in  the 
Table  as  )  end  similarity  with  the  experimental  vj'.lues  is 

indicated.  * 


TABLE  3 


A 

(%.) 

Grooved  Copper 

1.2 

0.  18 

0.94 

1.15 

1.8 

0.09 

1.10 

1.23 

Alclad  Absorber 

1.2 

0.620 

0.94 

1.00 

1.8 

0. 27 

1.03 

1.08 

Oxidized  Inconel 

1.2 

0.81 

0.97 

0.96 

1.8 

0.76 

0.93 

0.97 

Chromate  on  Inconel 

1.2 

0.95 

0.97 

0.95 

1.8 

0.93 

0.97 

0.95 

H252 

1.2 

0.86 

0.96 

0.95 

1.8 

0.84 

0.96 

0.95 

F120 

1.2 

0.50 

1.0 

1.04 

1.8 

0.66 

0.96 

1.00 

CTL37-3a 

1.2 

0.62 

0.95 

l.Oi 

1.8 

0.78 

0.89 

0.97 
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11.0  PLASTIC  SAMPLES 


There  has  been  a  prior  indication  in  Section  4  of  the  impedi¬ 
ment  on  the  methods  of  measurement  described  there  that  is  imposed 
by  high  thermal  resistance  within  the  specimen.  When  either  sample 
heating  or  cooling  is  involved  and  when  the  surface  temperature 
must  be  known,  the  effect  of  high  thermal  resistance  is  to  increase 
the  uncertainty  in  the  determined  sample  temperature.  All  the  plas¬ 
tic  samples  fall  into  this  category  because  of  their  low  thermal 
conductivity.  Because  of  this  uncertainty  the  techniques  that  were 
used  and  the  results  that  were  obtained  are  discussed  separately  in 
this  section. 

11.1  Total  Emi-ctance 


The  back  heated  stand  of  the  type  discussed  in  Section  4.1  is 
fundamentally  inappropriate  for  plastic  samples  because  of  the  large 
temperature  drop  produced  across  the  sample.  For  a  typical  plastic, 
Astrolite,  this  drop  was  of  the  order  of  32°F  when  the  surface  tem¬ 
perature  was  400°F.  To  determine  surface  temperatures  under  these 
conditions,  with  a  gradient  of  the  order  of  2660F/inch,  a  primary 
attempt  Involved  the  placement  of  40  gage  thermocouples  in  fine  slots 
cut  into  the  back  of  the  specimen,  with  the  slots  then  filled  with 
Sauereisen  cement.  The  effective  locations  of  the  couples  were  then 
to  be  determined  from  a  thermal  conductivity  test  at  room  tempera¬ 
ture,  with  the  indication  of  the  thermocouples  at  elevated  tempera¬ 
tures  to  be  extrapolated  to  give  surface  temperature,  on  the  poor 
assumption  of  invariance  of  the  conductances  with  temperature.  At¬ 
tempts  at  this  method  were  not  encouraging,  the  positioning  of  the 
couples  was  poor  and  the  accuracy  of  temperature  determination  re¬ 
quired  in  the  thermal  conductivity  tests  was  not  achieved. 

As  an  alternate,  a  fine  groove  approximately  0.005"  x  0.005" 
was  cut  into  the  front  and  back  surfaces,  and  40  gage  thermocouples 
placed  in  the  groove.  A  radiation  balance  predicts  that  such  an 
installation  will  Indicate  a  temperatu„>e  considerably  below  the  tem¬ 
perature  of  the  surface,  but  apparently  the  indication  is  improved 
by  actual  contact  between  the  wire  and  the  surface.  This  conjecture 
was  supported  by  the  observation,  made  at  low  surface  temperature, 
that  the  introduction  of  adhesive  into  the  gr  oov®  in  the  region  of 
the  thermocouple  junction  did  not  change  the  apparent  emittance 
values.  With  this  method,  total  emittances  were  determined  for  a 
few  of  the  high  temperature  plastics,  Astrolite, CTL37-9X,  and  F120, 
using  the  electrically  heated  stand,  with  the  results  evaluated  from 
Equation  4.0.1. 

11.2  Spectral  Reflectance 

Spectral  reflectance  data  were  obtaJied  for  ail  pl>.-.stlc  sam¬ 
ples  in  the  Beckman  ref lectometer,  with  the  results  as  given  in 
Figures  26  to  31.  These  are  the  ratios  of  the  sample  reflectance 
to  that  of  MgO.  To  obtain  actual  reflectances  the  values  of  the 
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ratio  given  on  Figures  26  to  31  must  be  multiplied  by  the  reflec¬ 
tance  of  the  MgO  as  given  in  Figure  8.  This  routine  determination 
involved  no  heat  transfer  through  the  sample  and  consequently  the 
thermal  resistance  of  the  material  produced  no  problem. 

To  obtain  some  results  at  the  longer  wavelengths  a  few  of  the 
plastic  samples  were  tested  in  the  heated  cavity,  using  the  water 
cooled  sample  holder.  In  this  unit  the  irradiation  is  intense,  the 
flux  to  the  cooling  water  is  large,  and  because  of  the  high  thermal 
resirrance  of  the  plastics  there  is  consequently  a  large  difxerence 
in  temperature  between  that  of  the  irradiated  surface  and  that  on 
the  cooled  side.  Since  the  surface  temperature  was  large  enough  to 
significantly  affect  the  system  response  in  the  way  described  in 
Section  3.1  for  the  air  cooled  sample  holder,  the  results  were  re¬ 
duced  according  to  Equation  3.1.5,  with  an  assumed  temperature  for 
the  sample  surface.  By  adjustment  of  this  temperature  there  could 
he  obtained  a  reflectance  distribution  which  on  integration  would 
yield  an  emittance  comparable  to  what  was  measured.  This  does  not 
belie  the  inaccuracy  of  the  latter  value  but  merely  establishes  a 
consistent  reflectance  curve.  The  final  appraisal  then  involves 
the  comparison  of  the  estimated  surface  temperature,  the  thermal 
conductivity  of  the  plastic  measured  at  room  temperature,  its  dimen¬ 
sions,  and  the  estimated  heat  flux.  For  example,  for  the  spectral 
reflectance  results  for  Astrolite  that  are  shown  on  page  IDO  the  esti¬ 
mated  surface  temperature  is  8130F  and  that  of  the  cold  side  of  the 
sample  of  the  order  of  SOOp.  The  thermal  conductivity  was  measured 
at  room  temperature  as  0.15  Btu/ft,hr.°F  and  the  thickness  was  0.062 
inch.  This  gives  a  flux  of  7800  Btu/ft?-hr.  But  in  terms  of  this 
surface  temperature  and  the  estimated  absorptance  for  irradiation  at 
the  cavity  temperature  the  flux  should  have  been  16000  Btu/ft.-hr. 

This  twofold  discrepancy  points  initially  to  the  possible  exis¬ 
tence  of  a  higher  surface  temperature,  but  the  possibility  is  lim¬ 
ited.  Higher  temperatures  will  produce  lower  indicated  reflectances, 
and  the  values  on  page  100  are  already  as  low  as  0.05.  With  zero  as 
a  minimum,  reference  to  Figure  5  indicL.tes  that  little  further  in¬ 
crease  is  possible  for  the  hypothesized  surface  temperature.  The 
discrepancy  between  the  heat  fluxes  therefore  is  attributed  rather 
to  a  possible  increase  in  the  thermal  conductivity  with  temperature 
and  to  a  low  extinction  coefficient  in  the  materiul,  in  which  case 
the  average  conduction  path  would  be  less  than  the  sample  thickness. 

The  reflectance  curves  indicated  for  the  plastics  are  therefore 
viewed  with  some  confidence,  and  the  total  emittances  obtained  from 
them  are  probably  satisfactory  until  major  changes  in  the  nature  of 
the  material  occur. 

11.3  Translucent  Plastic 


One  sample,  WWRCNE-2,  was  translucent;  therefore  tne  transmit¬ 
tance  had  to  be  determined  and  used  in  the  specification  of  the 
spectral  reflectance. 
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When  placed  in  the  optical  path  of  the  heated  cavity  system 
at  the  shutter  location,  the  normal  transmittance  of  the  sample 
for  normal  irradiation  was  found;  reference  to  the  incident  radia¬ 
tion  was  made  with  the  sample  removed  from  the  optical  path.  A 
transmittance  was  then  determined  which  was  different  from  the  cav¬ 
ity  reference  reading  by  surface  reflections,  absorption,  and  side 
scattering.  Small  changes  in  sample  orientation  were  possible, 
and  small  changes  in  thf  angle  of  incidence  produced  no  observed 
change  in  transmittance.  These  results  are  shown  in  Section  13 
page  108 , 

Situation  of  the  sample  at  the  inlet  port  of  the  integrating 
sphere  of  the  DK2  ref lectometer  provided  transmittas/ca  data  for 
normal  incidence  on  the  range  0.3C  to  2.7  microns  but  in  this  sit¬ 
uation  the  total  transmission  was  measured  by  the  collection  of  all 
the  transmitted  energy  in  the  integrating  sphere.  By  Iccaclng  a 
total  absorption  tube  at  the  sample  port  the  direct  transmission 
could  be  removed.  (This  was  approximately  10%  of  the  total.) 

Reflectance  measurements  were  obtained  from  the  heated  cavity 
by  placing  the  sample  over  a  metal  disc  with  a  flat  black  surface 
held  in  the  water  cooled  sample  holder.  Since  the  surface  was  not 
entirely  black,  some  reflection  occurred  there  to  make  somewhat  un¬ 
certain  the  interpretation  of  the  measured  reflectance.  With  hem¬ 
ispherical  irradiation,  the  irradiation  of  the  black  surface  at 
the  back  of  the  sample  Is  1;  . 

The  transmittance  t  is  taken  as  the  measured  normal  trans¬ 
mittance,  though  this  is  known  to  be  low.  If,  for  Instance,  the 
transmission  is  assumed  to  be  diffuse  scattering,  then  the  total 
transmittance  is  ir  times  the  normal  values.  But,  where  windows 
exist  such  a  multiplication  is  obviously  too  large.  Hence  the  nor¬ 
mal  value  is  used  in  the  realization  that  it  is  too  low. 

Then  the  radiosity  of  the  film  and  back  plate  combination  is 


J"  '"s  &H  Gh  =  Gh 


Thus,  the  apparent  reflectance  is  "t  IT*  ;  the  results  were  cal¬ 
culated  oi  this  basis,  with  the  spectral  reflectance  of  the 

black  paint.  As  used,  t  is  certainly  too  low  and  consequently 
the  cited  value  of  the  reflectance  of  the  plastic,  ,  is  very 

slightly  low. 

When  used  in  the  DK2  ref lectometer,  the  backing  of  the  sample 
was  a  long  paper  tube  with  a  closed  end,  painted  inside  with  flat 
black.  This  was  completely  black,  and  for  this  measurement  no 
transmission  correction  was  needed. 
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11,4  Rcl leetance  of  Plastic  Samples  at  Short  Wavelengths 

The  difficulties  associated  with  the  plastic  samples,  discussed 
in  Section  11.1  and  11.2,  result  in  a  limited  number  ol  results  for 
the  total  wavelength  range.  The  limitations  of  course  did  not  ex-<st 
in  the  integrating  sphere  devices,  with  the  small  irradiation  of  the 
sample  that  occurred  in  them.  In  particular,  because  of  its  automa¬ 
tic  featur<5s,  all  the  plastic  samples  were  measured  in  the  Beckman 
reflectometer  in  the  spectral  range  from  0.3  to  2.5  microns.  This 
range  covers  most  of  the  solar  spectrum  so  that  these  results  are 
sufficient  for  the  appraisal  of  solar  absorptance. 

Figures  26  through  31  present  the  direct  Beckman  results,  as 
the  ratio  of  t-'e  sample  reflectance  to  that  of  MgO,  as  obtained  for 
the  plastic  samples.  In  the  Beck.iian  unit,  as  described  in  Se  tlon 
3.2,  the  detector  is  irradiated  by  the  first  reflection  from  the 
sample  and  the  consequent  dependence  on  the  geometric  nature  of  the 
reflection  is  Important  if  the  reflection  is  not  isotropic.  It  was 
non-isotroplc  for  a  number  of  these  sample  and  different  results 
were  obtained  if  the  sample  was  rotated  in  the  holder.  In  such  cases 
the  quotations  on  Figures  26  through  31  are  the  mean  of  the  maximum 
and  minimum  reflectances  obtained  by  changing  the  sample  position. 

Solar  absorptances  were  calculated  from  the  results  of  Figures 
26  through  31  for  zero  air  mass  as  indicated  in  Sect.' on  7,  except 
that  the  reflectance  of  the  MgO  was  accounted  for  by  preparing  an 
overlay  for  twenty  equal  increments  of  the  quantity 

ni,o  G 
i 

In  this  way  the  total  absorptance  for  normal  irradiation  was  ob¬ 
tained  as 


=  i-r= 


These  values  are  given  on  Figures  26  through  31. 
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Figure  28.  -  Ratio  of  spe':tral  reflectance  to  that  of 
HgO.  Zero  air  mass.  Numbers  in  parenthesis  are  integrated 
solar  reflectanes. 


Figure  29.  -  Ratio  of  spectral  reflectance  to  that  of 
MgO.  Zero  air  n.ass.  Numbers  in  parenthesis  are  integrated 
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Figure  30.  -  Ratio  of  spectral  reflectance  to  that  of 
MgO.  Zero  air  mass.  Numbers  in  parenthesis  are  integrated 


12.0  SUMMARY  AND  CONCLUSIONS 


The  thermal  radiation  properties  of  20  materials  are  given 
in  Section  13,  basically  as  the  total  normal  emlttance  and  the 
spectral  reflectance.  In  some  cases  the  former  is  more  dubious 
or  is  omitted,  because  of  difficulties  in  thermocouple  attachment 
or  of  appraisal  of  the  indicated  value.  This  is  particularly  true 
of  the  plastic  samples  where  the  large  temperature  variation  through 
the  sample  led  to  difficulty  in  the  measurement  of  the  total  erait- 
tance  and  in  the  appraisal  of  the  spectral  reflectance  results,  as 
discussed  in  Section  11. 

Other  than  to  note  that  the  majority  of  the  materials  'vere  poor 
reflectors,  no  generalization  is  possible  "or  the  properties  them¬ 
selves,  and  the  remainder  of  this  S'ommary  is  directed  toward  the 
methods  of  measurement. 

The  values  of  total  normal  emittance  were  determined  from  back 
heated  samples  by  the  methods  discussed  in  Section  4.  On  the  elec¬ 
trically  heated  system,  used  to  temperatures  of  IfOO^F,  reproduci¬ 
bility  of  results  was  within  2%  while  on  the  gas  heated  unit,  used 
up  to  2S00^F,  the  greater  dependence  on  environmental  conditions, 
increased  this  to  5%.  The  greatest  source  of  absolute  error  is  in 
the  evaluation  of  the  surface  temperature  from  the  thermocouple  in¬ 
dication,  for  on  some  samples  th're  is  apparently  appreciable  con¬ 
tact  resistance  at  the  weld  of  the  thermocouple  to  the  oxidized  or 
coated  metal.  The  position  of  thermocouple  attachment  was  such  as 
to  always  make  the  measured  emittance  too  high,  and  the  general 
appraisal  makes  the  excess  no  more  than  5%  of  the  actual  value. 
However,  in  any  particular  measurement  there  is  no  absolute  check 
on  the  uncertainty. 

The  spectral  reflectance  readings  obtained  with  the  cold  sam¬ 
ples  in  the  heated  cavity  systems  are  subject  to  the  minimal  error 
of  any  of  the  major  property  determinations  made  and  reported  here. 
Since  the  prediction  of  the  total  normal  emittance  from  reflectance 
values  for  temperatures  at  which  such  determinations  were  made  in¬ 
volves  essentially  only  the  spectral  range  covered  by  that  appara¬ 
tus,  those  predictions  are  viewed  with  some  confidence  and  indeed 
form  a  basis  for  the  appraisal  of  the  error  in  the  measured  total 
emittance. 

An  important  question  associated  with  the  prediction  of  total 
emittance  from  the  measured  reflectance  concerns  the  degree  of  tem¬ 
perature  dependence  of  the  reflectance  itself.  This  dependance  does 
of  course  exist  for  conductors,  and  it  may  for  dielectrics  if  there 
is  an  alteration  of  the  nature  of  the  material  or  of  its  surface, 
as  perhaps  in  thermal  expansion.  However,  in  any  such  change,  pro¬ 
gressive  change  as  by  oxidation,  is  not  considered.  Particularly 
when  the  dielectric  is  a  surface  on  a  metallic  substrate,  some  tem¬ 
perature  effect  might  occur,  and  to  examine  this  question 
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reflectances  were  measured  at  elevated  temperatures  in  the  way 
described  in  Section  3.2.  The  procedure  of  necessity  reduced  the 
accuracy  of  the  measured  reflectance  and  made  it  acutely  dependent 
on  the  measured  sample  temperature  in  part  of  the  spectral  range. 
These  reflectances  were  always  higher  than  those  measured  cold  and 
the  present  view  associates  the  excess  with  errors  in  the  deter¬ 
mination  of  the  temperatures  of  the  sample.  But  such  corrections 
do  not  make  the  "hot"  and  "cold"  reflectors  coincide  and  there  may 
still  be  some  change  of  reflectance  with  temperature,  which  for 
the  poor  reflectors  that  were  examined  cannot  be  specified  concretely 
because  of  the  poor  accuracy  of  the  "hot"  determination. 

Spectr.'.l  emittance  values,  determined  of  course  with  a  hot 
sample  should  be  more  definitive  in  respect  to  the  temper-' *"i re 
dependence  of  the  spectral  values.  Thesu  spectral  emittances  were 
only  determined  in  a  preliminary  way,  as  described  in  Section  5.0 
and  a  definite  appraisal  cannot  yet  be  made.  For  one  of  the  sam¬ 
ples  heated  there  were  serious  difficulties  with  contact  resistance 
at  the  thermocouple  weld,  and  the  surface  temperatures  were  uncer¬ 
tain;  for  the  others,  the  best  comparison  was  with  the  "cold"  rather 
then  with  the  "hot"  reflectance  values.  This  leads  to  the  inference 
that  for  these  samples  at  least,  there  was  no  significant  temperature 
dependence  of  the  spectral  values  and  that  in  consequence  the  total 
emittance  is  best  obtained  from  the  "cold"  reflectance  results. 

Reflectance  values  for  "cold"  samples  were  obtained  in  the 
spectral  range  0,5<A<2.5  by  the  integrating  sphere  devices  de¬ 
scribed  in  Section  3  and  these  reflectances  are  associated  with  the 
reflectances  measured  by  the  heated  cavity  system  even  though  their 
true  relation  is  still  somewhat  uncertain.  Difficulty  was  exper¬ 
ienced  in  relating  the  reflectances  measured  by  the  two  spheres  to 
each  other  and  to  the  results  from  the  cavity.  Section  3.3  con¬ 
tains  results  which  to  some  extent  indicate  that  values  from  the 
Beckman  unit  may  be  slightly  low.  For  the  prediction  of  emittance 
at  temperatures  below  BOOO^F  there  is  but  a  small  amount  of  energy 
at  wavelengths  less  than  1  micron  and  there  differences  are  of  minor 
importance.  For  the  evaluation  of  the  values  of  absorptance  for 
solar  energy  the  need  for  appropriate  reflectance  in  the  spectral 
range  0.25 <A<  2.5  microns  is  acute,  and  the  question  is  then  more 
Important. 

Absorptance  as  a  function  of  angle  of  incidence  was  obtained 
with  the  variable  angle  sphere  described  in  Section  3.3  ;  these 
results  are  Important  la  relation  to  problems  involving  the  absorp¬ 
tion  of  solar  energy.  These  alone, of  the  present  measurements, gave 
at  least  an  indication  of  the  relation  of.  normal  to  hemispherical 
properties,  and  indicated  that  for  most  of  the  samples  tested  the 
normal  values  are  easily  within  5%  of  the  hemispherical  values. 
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Results 
presented  in 


13.0  RESULTS  FOR  THE  VARIOUS  SAMPLES 

for  each  of  the  samples,  indicjtted  in  Table  I 
the  form  outlined  in  Section  7.1. 


,  are 
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MICRONS 


1.  Material:  Chromate  on  mild  steel 

2.  Initial  Treatment:  None,  all  tests  made  after  at  least  3  hours 

at  1700®F. 

3.  Roughness:  Fine  structure  2.5  microns.  Coarse  structure  12 

microns  at  intervals  of  about  300  microns. 

4.  Spectral  Reflectance;  Hot  reflectance  indicated  to  be  .05 

above  cold  reflectance  except  at  long  wavelengths. 

5.  Total  Normal  Einittance;  (Predicted  only) 


See  page  73  for  correspondence  between  this  and  other  chromate 
coatings. 

6.  Solar  Absorptance:  Integrated  from  spectral  results,  0.94. 
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0.25  0.5  075  I  2  3  4  5  6  7  8  10  12  14  16  18  20  22  24 

X  -  MICRONS 
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I 


Spectral  Reflectance  of  Chromate  on:  302  stainless  steel,  42U 
stainless  steel,  mild  steel,  and  inconel. 

Fitru-e  on  pace  72  demonstrates  the  correspondence  between 

fh^  fo^r 

results  for  the  chromate  on  Inconel  show  a  ^.pn 

reflectance  than  tae  otne..  ^otiiroriiv  h^loa  'che  values 

microns  after  which  the  inconel  departs  markedly  below  .ne  vai 

of  the  other  -’ninnies. 

The  reason  for  the  difference  in  results  between  incon-. '  and 
the  olSer  three  samples  could  be  due  to  dUfereuces  in  thicKness 
or  manner  of  application  of  the  chromate  coating. 
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1.  Material:  Chromate  on  302SS 

2.  Initial  Treatment:  None;  aged  as  a  result  of  use  at  high  tem¬ 

pers,  tures;  3  hours  minimum  at  1/00  F  in  air. 

3.  Roughness:  Fine  structure  4  microns.  Coarse  structure  10 

microns  spaced  at  about  300  microns.  As  received  sam¬ 
ple  similar  to  aged. 

4.  Spectral  Reflectance:  Hot  reflectance  shows  only  minor  varia¬ 

tions  from  cold  value. 

5.  Total  Normal  Emittance;  (Predicted  only) 
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MICRONS 


1. 


Material:  Chromate  on  420SS 


2.  Initial  Treatment:  None,  all  tests  made  after  aging  in  air 

for  3  hours  at  1700°F. 

3.  Roughness:  Aged  -  fine  structure  sparse  and  of  height  3  mic¬ 

rons.  Coarse  structui*e  about  15  microns  at  200  microns 
intervals. 

4.  Spectral  Reflectance:  Hot  reflectance  results  ^ibout  3  per¬ 

centage  points  above  cold  reflectance  for  A  <  7.  Close 
correlation  above  A  =7. 

5.  Total  Normal  Emittance:  (Predicted  only) 
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Material:  Chromate  on  Inconel 


2.  Initial  Treatment:  None,  all  results  taken  after  3  hours  in 

air  at  1200°F. 

3.  Roughness:  Fully  aged:  Fine  structure  sparse  and  of  4  mic¬ 

rons.  Coarse  structure  18  microns  at  250  micron  in¬ 
tervals,  "As  received”  sample  very  similar. 

4.  Specti’al  Reflectance:  Hot  reflectance  results  0.'!5  to  0.10 

above  cold  for  A  10,  substantial  change  for  X  >  lo, 
itixs  sample  shows  good  agreement  between  i:'K2  and  heated 
cavity  results.  This  is  the  chromate  coating  wf’_..h  pro¬ 
duced  reflectance  data  which  differed  from  the  other 
chromate  samples. 

5.  Total  Noriiial  Emittance:  (Predicted  only) 
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MICRONS 


1.  Material:  M252  (SS  4781) 

2.  Initial  Treatment:  Cleaned  in  1  to  1  vfater -diluted  HF  solution 

for  1  hour.  Oxidized  3  hours  at  1700°F  in  air. 

3.  Roughness:  As  received.  Fine  structure  2.5  microns  amplitude 

Fully  aged:  same. 

4.  Spectral  Reflectance:  Reflectance  at  1000°F  within  about  0.05 

of  the  reflectance  at  room  temperature  at  low  wavelengths. 
DK2  results  low,  estimate  that  they  should  be  raised  to 
coincide  with  cavity  results. 

5.  Total  Normal  Emittance: 


Measured  values  to  1600®  follow  trend  of  predicted  values, 
predicted  values  low  by  4%. 

6.  Solar  Absorptance:  Integrated  from  spectral  results,  0.90. 

7.  Spectral  Emittance:  See  page  32  .  Angular  depeudeuce  of 

absorptance,  see  page  55- 
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1.  Material:  HS25  CSS8178) 

2.  Initial  Treatment:  Cleaned  in  1  to  1  water-diluted  HF  solu¬ 

tion  for  1  hour.  Oxidized  3  hours  at  1700®F  in  air, 

3.  Roughness;  As  received;  Fine  structure  2.5  microns.  Coarse 

structure  6  microns  at  250  micron  intervals.  Fully 
aged:  Fine  structure  same.  Coarse  structure  reduced 

to  one  in  2500  microns. 

4.  Spectral  Reflectance:  Reflectance  at  lOOG^F  within  0.05  of 

reflectance  at  room  temperature,  except  near  15  microns; 
there  tin  absorption  peak  did  not  appear  v^ith  high  tem¬ 
perature.  Cold  reflectance  run  with  fully  agec*  sample 
after  it  was  used  for  total  emittance  measurement. 

5.  Total  Normal  Emittance: 


Original  sample  (VADD  delivered)  within  3%  of  prediction  from 
cold  reflectance,  hot  prediction  5%  low.  Second  sample  (received 
from  Boeing  6/60)  shown  by  solid  points.  Indicated  low<«tr  emittance 
up  to  ISOO^F,  then  Increases.  Increase  verified  by  repetition. 
Results  from  gas  fired  stand  erratic  within  3%,  but  check  higher 
magnitude  above  1700°F.  No  reflectance  results  obtained  with 
second  sample. 


6. 

Solar  Abcorptaace : 

lu legrated  from  spectral  results,  0.90. 

7. 

Spectral  Emittance: 

See  page  32 
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1.  Material:  Rene  41  (SS  8080) 

2.  Initial  Treatment:  Cleaned  in  1  to  1  water-diluted  HF  solu¬ 

tion  for  1  hour  oxidized  3  hours  at  1700°F  in  air. 

3.  Roughness:  Fully  aged:  Fine  structure  2  microns  high. 

Coarse  structure  5  microns  at  200  mici'on  intervals. 

4.  Spectral  Reflectance:  Sample  at  1000°F  .05  higher  than  at 

room  temperature.  DK2  results  should  probably  be  in¬ 
creased  by  0.04. 

5.  Total  Normal  Fmittance: 


Original  sample  corresponds  well  with  prediction  from  cold 
reflectance  values.  Second  sample  (solid  point,  Boeing  6/60) 
gives  similar  values  but  they  become  4%  higher  at  1700OF.  Emit- 
tances  from  gas  fired  unit  vary  but  agree  with  other  values  within 
5%.  The  second  sample  was  used  on  the  gas  fired  stand. 

6.  Solar  Absorptance:  Integrated  from  spectral  results,  0.89. 
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MICRONS 


Material:  Nb  dipped  in  slurry  of  Al-Si 


2.  Initial  Treatment:  (Before  deli /ery)  Unalloyed  Cb  aluminized 
by  Al-Si  hot  slurry  dip  at  1700°F  for  3  minutes.  Dif¬ 
fusion  heat  treated  at  1900°F  for  1  hour  in  a  vacuum. 

Ho  further  treatment  before  test. 

J.  Roughness:  Fine  structure  -  1  micron.  Coarse  structure 
about  4  microns  at  150  micron  intervals. 

1.  Spectral  Reflectance:  One  cold  run  taken  with  this  sample. 
Good  agreement  between  DK2  and  cavity  system. 

5.  Total  Normal  Emittance: 


Measured  total  emittance  3%  above  prediction  from  cold  reflec¬ 
tance  results.  Substrate  would  oxidize  and  thei-mocouple  weld  would 
separate  after  about  45  minutes  of  high  temperature  operation. 

6.  Solar  Absorptance:  Integrated  from  sphere  results,  0.80. 


1.  Material:  Nb  dipped  in  slurry  of  Al-Cr-Sl.  Unalloyed  - 

niobium  aluminized  by  Al-Cr-Si  hot  slurry  dip  at 
1700°F  for  3  minutes.  Diffusion  heat  treated  at  ISOO^’F 
for  1  hour  in  vacuum. 

2.  Initial  Treatment:  None. 

3.  Roughness:  Fine  structure  about  1  micron  in  height.  Coarse 

structure  about  5  microns  at  100  micron  intervals. 

4.  Spectral  Reflectance:  Cold  results  obtained  for  sample  after 

emittance  determinations  had  been  made. 

5.  Total  Smittance: 


Majority  of  results  5%  above  prediction.  Experimental  results 
limited  because  of  difficulty  in  maintaining  thermocouple  attach¬ 
ment.  Probe  thermocouple  unsuccessful  vben  tried.  See  section  8. 

6.  Solar  Absorptance:  Integrated  from  spectral  results,  0.87. 
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MICRONS 


1. 


Material :  PFR5 


2.  Initial  Treatment: 

3.  Roughness:  Fine  structure  1.5  microns.  Coarse  structure 

about  18  microns  at  200  micron  intervals. 

4.  Spectral  Reflectance:  Reflectance  data  for  sample  cut  from 

total  emittance  sample,  after  material  used  for  emit- 
tance  runs.  Cold  sample  only. 

5.  Total  Normal  Emittance: 


Measured  total  values  exceed  the  prediction  by  6%.  Difficulty 
was  experienced  with  deterioration  of  sample.  Oxidation  of  sub¬ 
strate  occurred,  with  visible  changes  of  surface  at  any  place  where 
coating  was  punctured  as  at  point  of  thermocouple  location. 

6.  Solar  Absorptance:  Integrated  from  spectral  results,  0.83. 
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1. 


Material:  PFR4 


2.  Initial  Treatment: 

3 .  Roughness : 

4.  Spectral  Reflectance:  Not  obtained.  Surface  coating  destroyed 

in  total  emittance  tests  before  sample  could  be  obtained 
for  a  determination. 

5.  Total  Normal  Emittance: 


Only  experimental  values  obtained.  Progressive  failure  at 
higher  temperatures  due  to  progressive  penetration  of  oxide  through 
the  surface  coating. 
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i 

I 


1 .  Material :  SS286 

2.  Initial  Treatment:  None 

3 .  Roughness : 

4.  Spectral  Reflectance:  Not  yet  obtained. 

5.  Total  Normal  Bmittance: 


e 
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Inconel,  aged 


1. 


Material :  Inconel 


2.  Initial  Treatment:  A  number  of  different  samples  were  involved 

and  were  heated  3  hours  at  1700°F  in  air  but  their  sub¬ 
sequent  history  differed  and  the  oxide  did  not  appear  to 
have  been  exceptionally  stable.  Two  different  samples, 
giving  different  spectral  reflectance  values,  are  pre¬ 
sented  as  examples  for  that  measurement.  The  data  pre¬ 
sented  are  representative  of  all  samples. 

3.  Roughness:  Fine  structure  -  1  micron.  Coarse  structure  about. 

2.5  microns  at  60  micron  Intervals. 

4.  Spectral  Reflectance:  Results  are  shown  for  hot  and  col.^  samples. 

5.  Total  Normal  Kmittance: 


Total  emittance  values  were  obtained  on  the  electric  furnace 
and  provided  values  corresponding  to  predictions  made  for  that  sam¬ 
ple  with  a  sample  temperature  of  ISOO'^F.  Results  from  the  gas 
fired  unit  were  made  with  different  samples  and  indicated  much 
higher  values,  as  much  as  10%  above  the  prediction  made  from  the 
reflectance  data. 

6.  Solar  Absorptance:  Integrated  from  spectral  results,  0.88. 
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MICRONS 


1.  Material:  Boron  Carbide  Coating 

Sample  A:  reflectance  sample,  same  as  Sampie  B. 

Sample  B:  total  emittance  sample  (obtained  at  Boeing 
6/60)  Substrate:  unknown. 

Sample  C:  Total  emittance  sample.  Prepared  at  UCB 

according  to  Boeing  recipe,  usieg  their  mat¬ 
erials.  Substrate:  stainless  steel.. 

2.  Initial  Treatment:  None. 

3.  Roughness:  Samples  A  and  B:  Fine  structure  sparse  and  of 

ab'^ut  4  microns  height.  Coarse  structure  about  20  micrcus. 

4.  Spectral  Reflectance:  Obtained  only  '.;lth  Sample  A.  Cold  re¬ 

flectance  A  >1  somewhat  higher  than  anticipated.  DK2 
readings,  cold,  appear  to  be  low  and  results  for  inte¬ 
grating  sphere.  Section  4,  are  also  shown  as  Curve  E. 

Hot  results  substantially  higher,  may  be  due  to  excess 
sample  temperature.  See  Section  8. 

5.  Total  Normal  Emittance:  Sample  B  shows  a  5  to  6%  higher  emit- 

tance  than  the  value  predicted  from  the  cold  reflectance 
data.  Sample  C  gave  lower  results,  and  evidenced  a 
change  in  nature  at  1300*’F  to  higher  values.  No  further 
results  were  obtainable  due  to  failure  of  sample  coating 
on  cooling  from  1640<’Fj  with  total  separation  of  the 
boron  carbide  from  the  substrate. 


6. 


Solar  Absorptance:  integrated  from  spectral  results,  0. 


LcLad  Solar 
Absorber 

:old  h-7  45*F 


1.  Material:  Alclad  solar  absorber 

2.  Initial  Treatment ;  None. 

3.  Roughness:  As  received:  Fine  structure  -  0.3' microns.  Coarse 

structure  1  micron  at  250  micron  intervals. 

4.  Spectral  Reflectance:  Only  cold  run,  taken  with  sample  as  re¬ 

ceived,  is  of  significance.  Sample  surface  changed  with 
exposure  at  higher  temperature.  Hot  result  shown  is  for 
sample  at  7540F,  with  about  1  hour  at  this  temperature. 
S>’bstantlal  discrepancy  between  cavity  and  Beckman  results. 

5.  Total  Normal  Emittance: 


Total  emittance  corresponds  well  with  "cold"  prediction. 

6.  Solar  Absorptance:  Integrated  from  spectral  results,  0.90. 
Angular  dependence  of  reflectance  -  see  page  55 
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AstroLite 


MICRONS 


1.  Material:  Astrolite 

2.  Initial  Treatment:  None. 

3 .  Roughness : 

4.  Spectral  Reflectance:  Obtained  with  1/16  inch  thick  sample 

in  water  cooled  sampic  holder.  Estimated  surface  tem¬ 
perature  was  353®I\  There,  is  a  particularly  good  check 
with  values  of  ^  -  5°,  i-om  the  Beckman  ref lectoiheter. 

The  sample  temperature  does  not  affect  the  heated  cavity 
values  in  this  spectral  region. 

5.  Total  Normal  Emittance: 


The  measured  values  were  obtained  as  indicated  in  Section  12.1. 
At  a  surface  temperature  of  903Op  the  temperature  at  the  back  of 
the  sample  was  1281°?  and  disintegration  occurred.  The  binder 
vaporized  completely,  leaving  only  the  glass  cloth. 
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MICRONS 


1.  Material:  F120 

2.  Initial  _veatraent:  None^ 

3 .  Roughness : 

4.  Spectral  Reflectance;  The  position  of  the  curve  was  chosen 

to  give  a  reflectance  of  0,07  at  A  -  10//  ,  to  indicate 
a  surface  temperature  of  7870F.  This  was  done  to  pro¬ 
duce  an  integrated  reflectance  corresponding  to  the 
measured  total  emittance. 

5.  Total  Normal  Emittance: 


The  measured  value  of  total  normal  emittance  at  610'^F  was 
important  in  determining  the  nature  of  the  reflectance  curve. 
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MICRONS 


1.  Material:  CTL37-9 

2.  Inital  Treatment:  None 

3 .  Roughness : 

4.  Spectral  Reflectance:  The  position  of  the  curve  was  chosen 

to  give  a  reflectance  of  0.10  at /^*10/)  ,  to  indicate 
a  surface  temperature  of  793°?.  This  choice  of  tem¬ 
perature  was  based  upon  our  assumed  value  of  0,90  for 
the  total  normal  emittance  at  793°?, 

5.  Total  Normal  Emittance: 


Experimental  determinations  of  total  normal  emittance  with 
this  sample,  with  values  of  about  0.99  being  attained.  This  high 
value  is  attributed  to  the  difficulties  in  evaluating  the  surface 
temperature  of  the  emittance  sample  as  previously  described. 
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MICRONS 


Material:  WViRCNE-2  (Translucent  plastic) 

Initial  Treatment:  None. 

Roughness:  Not  measured. 

(a)  Speetral  Transmittance 

&age  108  shows  transmittance  results,  both  normal  and 
total.  The  total  transmittance  obtained  from  the  inte¬ 
grating  sphere  (Section  3.3)  is  high  and  the  discrepancy 
with  regard  to  the  Beckman  values  has  not  been  resolved. 

(b)  Spectral  Reflectance 

Spec tr  a|  reflectances  have  been  evaluated  as  indicated 
in  Section  11.3,  using  ,the  results  for  normal  ira.'>*^'Bit- 
tance  and  the  cavity  results  for  A  >  1.0.  For  lower 
wavelengths  the  Beckman  results  are  given  directly. 

There  is  only  fair  correspondence  in  the  region  of  over¬ 
lap,  1.0  <  X<2.5  microns. 

Solar  Absorptance:  Spectral  absorptance  can  be  calculated 
from  the  transmittance  and  reflectance  data  for  normal 
incidence  and  this  can  be  done  with  confidence  for  A  <2. 5 
microns,  where  ihe  total  transmittances  are  known.  Using 
the  solar  irradiation  values  fur  zero  air  mass,  there  is 
found  in  this  way  an  absorptance  of  0.07  for  solar  irrad¬ 
iation.  The  spectral  absorptances  from  which  this  value 
was  calculated  are  shown  on  page  106. 
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14.0  NOMENCLATURE 


A*  Area 

Planckian  Constants 
C«V;-  ^/<rT' 

E  *  Black  bodj'  spectral  emissive  power 
P -  Fahrenheit  degrees 

F "  Shape  factor  for  diffuse  energy  exchange 

G*  irradiation  Btu/hr. ft. 2 

I*  Intensity  Btu/hr.  ft. 2  -  steradian 

K*  Directional  radiometer  constant 

R“  Reflected  energy 

S-  Detector  output 

T=*  Absolute  temperature  °R 

W-  Radiometer  output  mv. 

W-  Energy  rate 

r-  Spectral  reflectance 

Normal  spectral  absorptivity 
o(j=>  Hemispherical  spectral  absorptivity 

Ratio  of  emissive  povers(En-Ee)  /(£/i~£c) 
r-  Ratio  of  emissive  povers{£t-So)  /'  Eh-Bc) 

Incremental  difference 
Spectral  emittance 

Angle  between  incident  beam  and  normal  to  sample  surface 
Polar  angle  in  plane  of  sample  surface 
Z'-  Angle  between  reflected  or  omitted  beam  and  normal  to 
sample  surface 
A  »  Wavelengths  -  microns 

Stefan  >  Boltzmann  constant 
tr-  Ratio  of  diameter  to  circumference  of  a  circle 
Solid  angle  in  steradians 

Subscripts 

B  -  Backing  plate 
C  -  Chopper  blade 
H  »  Hohlraum  area 
O-  Sphere  wall 
R-  Reference  area 
S  »  Sample  area 

T«  Denotes  properties  on  a  total  basis,  not  spectrally 
^ ■  Ambient  conditions 

P  ■  Average  Value  of  reflectance  over  small  <2. A 
€  -  Average  value  of  emittance  over  small  a  A 
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